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We report here the cloning and characterization of 
four new members of the interleukin-1 (IL-I) family 
(FIL15, FILlc, FELlf, and FILlrj, with FILl standing for 
"Family of IL-1"). The novel genes demonstrate signifi- 
cant sequence similarity to IL-la, IL-1/3, IL-lra, and IL- 
18, and in addition maintain a conserved exon-intron 
arrangement that is shared with the previously known 
members of the family. Protein structure modeling also 
suggests that the FILl genes are related to IL-1/3 and 
IL-lra. The novel genes form a cluster with the IL-ls on 
the long arm of human chromosome 2. 



The cytokine interleukin-1 (IL-1)^ elicits a wide array of 
biological activities that initiate and promote the host response 
to injury or infection, including fever, sleep, loss of appetite, 
acute phase protein synthesis, chemokine production, adhesion 
molecule up-regulation, vasodilatation, the pro-coagulant 
state, increased hematopoiesis, and production and release of 
matrix metalloproteinases and growth factors (1), It does so by 
activating a set of transcription factors that includes NFkB and 
AP-1, which in turn promote production of effectors of the 
inflammatory response, such as the inducible forms of cycloxy- 
genase and nitric oxide synthase (2, 3). Interleukin 1 activity 
actually resides in each of two molecules, XL- la and IL-lj3, 
which act by binding to a common receptor composed of a 
ligand binding chain, the type I IL-1 receptor, and a required 
signaling component, the IL-IR accessory protein (AcP) (4-7). 
A third member of the family, the IL-1 receptor antagonist 
(IL-lra), also binds to the type I IL-1 receptor but fails to bring 
about the subsequent interaction with AcP, thus not only not 
signaling itself but also, by blocking the receptor, preventing 
the action of the agonist IL-ls (8, 9). Additional regulation is 
provided by the type II, or decoy, IL-1 receptor, which binds 
and sequesters the agonist IL-ls (especially IL-1/3) without 
inducing any signaling response of its own (10-13). The two 
agonist IL-ls (IL-1 a and IL-lp) are s3Tithesized as larger pre- 
cursors which undergo proteolytic removal of their pro-domains 
to generate the mature cytokines (14). At least for IL-1]3, this 
processing is coupled to secretion (15, 16). IL-lra, in contrast, 
contains a signal peptide and is secreted by the more tradi- 
tional route through the endoplasmic reticulum (9). 
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Recently, another cjrtokine, interleukin 18 (17, 18) was rec- 
ognized to be related to the interleukin-1 family based on the 
similarity of its amino acid sequence and predicted tertiary 
structure (19). IL-18 induces the production of y- interferon 
from T cells, especially in combination with IL-12, and stimu- 
lates the killing activity of cytotoxic T lymphocytes and NK 
cells by up-regulating Fas ligand (20). Like the agonist IL-ls, 
IL-18 contains a prodomain that is removed by the same pro- 
tease, caspase-1, that processes IL-1/3 (21, 22). Consistent with 
its being related to the IL-ls, IL-18 binds a receptor which is 
homologous to the IL-1 receptor. The ligand-binding chain IL- 
IRrpl (or IL-18Ra) (23, 24) was cloned initially on the basis of 
its homology to the IL-IR (25). The signaling subunit (IL-18R)3) 
was originally named AcPL (AcP-like) for its similarity to the 
IL-IR signaling subunit (26). The IL-18 receptor subunits are 
encoded in the same gene cluster on chromosome 2 as are the 
type I and II IL-1 receptors (25-27). 

We have searched for novel members of the IL-1 family. We 
report here the sequences and some of the characteristics of 
four genes that appear to have descended from the same com- 
mon ancestor as did IL-la, IL-1/3, IL-lra, and IL-18. We pro- 
pose that these novel molecules be designated FILl 6, -e, and 
-Tj, with FILl being an acronym for Family of IL-1 . 

EXPERIMENTAL PROCEDURES 
Cloning of Novel Human IL-1 Family Members 

The following details supplement the general descriptions given un- 
der **Results" for the cloning of the individual IL-1 family members. 

FILld~~A 469-base pair single-stranded ^^P-labeled PCR product 
spanning the entire mouse FILl 5 coding region (found in GenBank^'^ 
W08205) was used to probe a human placenta cDNA library (in XUni- 
ZAP XR; Stratagene number 937225) (hybridization in 40% formamide 
at 42 *C; wash in 0.3 M NaCl at 55 *C). Several clones were isolated, all 
of which appeared to lack the full open reading frame by comparison 
with mouse FILl 6. Vector-anchored PCR on DNA from the same library 
was used to isolate the remaining coding sequence. 

FILle — A human genomic library (Stratagene catalog number 
946205; in AFixII) was screened using a ^^P-labeled single-strand DNA 
probe corresponding to the entire IL-l-like coding sequence present in 
GenBank*^" EST AA030324 (hybridization in 45% formamide at 42 *C; 
wash in 0.3 M NaCl at 63 ''O. The insert from one positive plaque was 
mapped to locate the hybridizing region, sequencing of which then 
revealed the 3 '-most exon of the human FILle gene. 5.3 kilobases of 
human genomic DNA to the 5' side of this exon was isolated using the 
CLONTECH Human GenomeWalker kit (catalog number K1803-1). 
Sequencing of this DNA allowed identification of the remaining coding 
exons. The structure of the gene was confirmed by isolation of a PCR 
product in which the predicted exons were indeed spliced, using as 
template first-strand cDNA from the cell Unes HL60 and THPl, and 
from human thymic tissue. Interestingly, while the original genomic 
DNA sequence coded for glutamine at amino acid 12, cDNA clones from 
all three sources contain arginine at amino acid 12. 

FlLlt, — The FILlf open reading frame was identified in a cDNA 
library made from the pancreatic tumor cell line HPT-4. 

FILlrj — A human genomic DNA sequenced to identify the FILlrj 3' 
exon was obtained using the CLONTECH Human GenomeWalker kit 
(catalog number K1803-1). ^ 
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Table I 

PCR primer sequences used for analyzing expression of novel IL-l family member mBNA 
On some occasions, a second PCR reaction using nested primers was performed for FILIS and FILlc. Cycle numbers and annealing temperatures 



are also given. 


Molecule 


Primary 
or nested 


Seose/anti 


Sequence 


No- cycles 


Anneal *C 


FIL16 
FILIS 
FIL16 
FILIS 
FILl€ 
FILl€ 
FILlf 
FILlf 
FILItj 
FILIt, 
FILltj 
FILIt, 


Primary 

Primary 

Nested 

Nested 

Primary 

Primary 

Primary 

Primary 

Primary 

Primary 

Nested 

Nested 


Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 

Sense 

Antisense 


GGGAGTCTACACCCTGTGGAGCTCAA 

CTGCTGGAAGTAGAAGTCTGTGATGG 

GGAGCTCAAGATGGTCCTGAGTGGGGCGCT 

GCATTCCAGCCACCATTCTCGGGAAGCT 

GACACACCTCAGCAGGGGAGCATTCAGG 

AACAGCATAGTTAACCCAAAGTCAGTAG 

TGAGATCCTATGTCAGGCTGTGATAGG 

TGCTATGAGATTCCCAGAGTCCAGGACC 

ACATCATGAACCCACAACGGGAGGCAGCAC 

CTCTATCCTGGAACCAGCCACCCACAGC 

CCAAATCCTATGCTATTCGTGATTCTCGAC 

GGATTTATTCCACAGAATCTAAGTAGAAG 


30 
30 
40 
40 
35 
35 


58 
58 
60 
60 
60 
58 



Structure Modeling 

Template sequences for structure modeling were extracted from the 
Protein Data Bank (28). A sequence alignment for the superfamily was 
generated based on that proposed by Bazan et at. (19) for the IL-ls and 
IL-18, which appeared valid by examination of both cysteine and real 
versus predicted sheet alignments. Preliminary analysis using the pro- 
gram Gene Fold (29) demonstrated that the experimentally determined 
structures for IL-1/3 (Protein Data Bank designations Ihib, 2ilb, liob, 
litb, and 21bi) and XL- Ira (Protein Data Bank designations lilr, lira, 
and ilrp) were valid templates for the new IL-l family members FIL16, 
FILl€, and FILl^. Although the sequence identity of the new IL-l-like 
cytokines is greater to IL-lra, Gene Fold showed a stronger match to 
the structure of IL-1/3. In addition, the various IL-lj3 structures appear 
better aligned structurally (as seen by superposition) than do the IL-lra 
structures, so both templates were used for modeling. Modeler (30) was 
used to generate a family of 20 structures for each query sequence. All 
structures showed a well defined core p-trefoil, with higher variabihty 
in the outer loops; the per molecule probability density function (PDF) 
used by modeler varied from 1194 to 1984. The structure with the 
lowest overall PDF violation was visualized using a variable width 
ribbon based on the per residue PDF violation and showed that the 
highest violation was in the region of highest structural difference 
between IL-lra and IL-1/3. At this point the cysteine positions for the 
three models were revisited to ensure that no disulfide links were 
missed. A representative structure for each model was chosen by first 
ordering the models within a family by total PDF violation. After 
discarding structures with obvious problems, such as knots, the remain- 
ing members were then superimposed onto their mean. The structure 
with the lowest all atom root mean square deviation from the mean was 
chosen as the representative structure. Finally, the models were ana- 
lyzed using ProcHeck (31) and it was shown that the structures are valid 
at 2.0- A resolution with no major structural problems. The structure 
models for FIL15, FILle, and FILl^ can be examined by contacting the 
authors- 

Intron lExon Mapping 

Intron placement was determined by direct cloning or amplification 
of genomic DNA from the various novel IL-l loci. Primers were designed 
so that the PCR products overlapped one another to ensure that small 
introns were not overlooked. The sequence of the PCR products from 
genomic DNA was compared with the cDNA sequence in order to 
determine the exon/intron junctions. 

Chromosome Mapping 

Chromosome mapping was performed using the Geneb ridge 4 radi- 
ation hybrid panel (32) (catalog number RH02.05 from Research (Ge- 
netics) which consists of 93 human/hamster hybrid cell lines. Genomic 
DNA from the cell lines was amplified using PCR primers specific for 
the human version of each novel IL-l family gene. Products were 
sepau'ated by agarose gel electrophoresis and visualized by ethidium 
bromide staining. Each hybrid was scored in the following manner: 0 
was assigned if there was clearly no amplification; 1 was assigned 
where there clearly was amplification; a score of 2 was assigned where 
the data was ambiguous. Scores were then submitted to the Whitehead 
Institute/MIT for chromosomal assignment and placement relative to 
known framework markers on the radiation hybrid map. Scores for 
each gene are as follows: F/LiS, 1000000100000000100012010010012- 



0000110110000100000000010100001000112000000010001000010001- 
0100; FILU, 1010000100001000100011011210011000011011010010- 
00001000101010021011110000001000010001100010100; F/Llf, 1010- 
0001000010001000120122100100000110110100100000100010101001- 
1021110000001000010001120010100; FILlf\, 1220002000100000100- 
000010010010001200011002010000000001010000010002200000010- 
00010001100010100. Scores used for concomitant map placement of 
IUtt, IL-1^, and ILrlra were obtained from the NCBI {IL la, X02851; 
IL'l^, D20737 and AA150507; IL-lra, H50548, R49297. and T72887). 

Expression Analysis 

First-strand cDNAs present in CLONTECH (Palo Alto, CA) Human 
Multiple Tissue cDNA Panels I (catalog number K1420-1) and II (cat- 
alog number K1421-1) and the Human Immune Panel (catalog number 
K1426-1) were screened by PCR amplification using primers given in 
Table L The primers were designed to span introns so that products 
arising from genomic DNA and cDNA could be distinguished. In some 
cases, nested primers were used in a second PCR reaction. The presence 
of an amplification product for each gene/tissue combination was deter- 
mined by analysis on agarose gels stained with ethidium bromide. 

Alternatively, individual cell types from human peripheral blood 
were isolated from multiple donors, and stimulations were performed 
as described (33, 34, 41). In brief, NK cells were incubated with IL-12 (R 
& D Biosystems; 1 ng/ml) for either 2 or 4 h, T cells were unstimulated 
or stimulated with anti-CD3 (OKT-3 antibody, immobiUzed on plastic at 
5 fig/ml) or with the combination of anti-CD3 and anti-CD28 (the 
anti-CD28 antibody was CK248, used in soluble form as a 1:500 dilution 
of ascites fluid), for 4 h. Monocytes were unstimulated, or stimulated 
with LPS (Sigma, 1 tigfml) for 2 or 3 h, B cells were unstimulated, or 
stimulated with a combination of 005% SAC + 500 ng/ml CD40L trimer 
(Immunex) + 5 ng/ml IL-4 (Immunex) for 3.5 or 4 h. Dendritic cells were 
stimulated with LPS as for monocytes for 2 or 4 h. After isolation of 
RNA and synthesis of first-strand cDNA, PCR amplifications and gel 
analysis were performed as described above. 

Expression of Novel IL-l Family Proteins for Receptor Binding 

Novel IL-l family members, as well as control IL-1)3 and IL-18 
molecules, were generated by transfection of expression vector con- 
structs into COS cells using DEAE-dextran (35). Expression vectors 
used were pDC409 (36) for FILlc and FILl^, or pDC412, a close rela- 
tive, for FIL16 and FILIt^. The unmodified open reading frames were 
used for FIL15, €, and tj. For FILl^, the sequence beginning with Lys^'' 

(KNLN ) was fused downstream of the human immunoglobulin k 

light chain signal peptide. IL-l^, with an ATG codon added to the N 
terminus of the mature form (beginning with Ala^^''), was expressed in 
pDO109. Human IL-18 was expressed as the mature form fused to the 
IL-7 signal peptide in the expression vector pDC206 (37). For radiola- 
beling, 48 h after transfection cells were starved of cysteine and methi- 
onine for 60 min, then labeled with 70 /iCi/ml of a PS] cysteine/methi- 
onine mixture (Amersham; >1000 Ci/mmol) for 4-6 h. It is perhaps of 
interest that FIL16, FILlc, and FILItj appear to be secreted from the 
COS cells despite the absence of either signal peptide or prodomain. 
C-terminal FLAG-tagged FILIS and -€ were partially purified from the 
conditioned medium using the tags, and their N termini sequenced. The 
N-terminal amino acid of the secreted FILle was methionine 1; it had 
been modified by N-terminal acetylation. The N-terminal amino acid of 
the secreted FIL16 is valine 2. Thus, there does not appear to have been 
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lUxa ■ RPSCaUCSSIU^FRniWVNQ^nFyi^ t KIQWPI EPHALPLGIROGK. KX9CVK 
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TT.i« --SMFSFLaiVICUilFHRIXnrQlIiasaNOSZ^^ t ICFIMBAXKSSlCDDMaTVIXiUSICI\}.LYVTKQ. 

XL18 ^YFQCI£Sia£VIRNXl)DQVLFIlXy3NRFLPmfn^^ I MUBTXFIISHm>9QP.IKaaVTIS\nQCSaSTL9CE. 

Pnjt KEKA I IitliyrKi*< Ua iQOIMHBVWVLQP0- .TLIAVPRKDRHSP.V | TIMLI9CBHVQX£KZ]RGHPIYIJSI1«SU1.I^^ 
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ILlra 
ELla 

XLie 

PILU 

riLH 



SGCG. .TRLOLC 
Vl3QE..PTI/rt£ 
. .CE.DQPVUIC 
...M..KII5FK 
V3DQ. .PTLQLK 
IQGK. .PTIOUC 
CnOQSHPSLQUC 
KECK. . PTLQLE 



AWXTDLSEZIRKQ.DKRFM'IRSDSG. .PTTSFESAKtKMFLCTAHEAD.QPVSLTMIFIX^ . .VHVTKPYFffI£* 

BIPEIPKTITGSE. .TMLLFCVETBS. .mnfPTSVAHmif iAnCQD. . .'ICHIICLAQQPPS ZTDFQILa^QIV* 

EKNPPCNIXDrKS. .DIIPP0RSVP0aPgCM3F^SSS1fBSYPIACEREHLLFtCLJlJC^^ SZHFTVQHED* 

QOJIMnLyNQPEW.KSFUnfaSQSC. .RHSTFCS^%FTGMPIAySSB^S.CFLIL. .TQELGKA. .irmffGLTtlLF* 
EKHIHDLYVEXKAQ.KPFLFFHNKBQ. .STSVF0SVSYPCMPIATSTT9S.QPIFLTKERQIT. . . .MHIKFYIDSVE* 
K£KU<KIJUtQKESAItRPFTFnU^^ . . SmHI£SAAtS^^ 

SVDPKHY. .PKKKMEICRFVFMKIEIW. .KKIgESftCFPMmSTSQMM . IgyFI/gnTICaS^ ITIFTMtyvSS* 
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Fig. 1. Alignment of amino acid sequences for human members of the EL-1 superfamily. The full-length predicted translation products 
are shown for FIL16, -f, and -tj, whereas the mature peptides, without prodomains or signal peptide, are given for IL-lo, IL-1^, IL-lra, and 
IL-18. The alignment is based on that presented by Bazan et al. (19) with slight modifications. Bars above and below the sequence indicate regions 
of experimentally determined (IL-1^ and IL-lra) or proposed ^-strand. The vertical lines within each sequence indicate intron positions. Some of 
these are taken from GenBank''^ iJL-lct, accession number X03833; IL-l^^ accesssion number X04500; IL-lra, accession nimiber X64532; IL-18, 
accession number E 17138). The rest were determined for this paper. The sequences of FIL15, FILlc, FILlf, and FILI17 have been deposited in 
GenBank*^ (accession numbers AF201830, AF201831, AF201832, and AF201833). 



cleavage of an imrecognized signal peptide or prodomain in either 
molecule. There are a number of proteins which, when transfected into 
COS cells, do not later appear in the medium, so this is not a general 
phenomenon attributable to leaky cells. However, the intracellular 
version of IL-lra (icIL-lra, a kind gift of William Arend, University of 
Colorado) also appears in the medium following transfection of COS 
cells. The significance of these findings is currently unknown. 

Receptor Binding Assays 

The novel IL-1 family members, present as ^^S-labeled proteins in 
conditioned medium from transfected COS cells, were tested for binding 
to Fc fusion proteins of the IL-1 receptor superfamily members (see 
Footnote 2 for general methods)^ IL-IR type I, IL-IR AcP, IL-lRrpl, 
IL-lRrp2, IL-IR AcPL, and TyST2 as follows: 0.5-1.0 ml of conditioned 
medium was pre-cleared for 2 h at 4 "C with 50 /i,l of protein G- 
Sepharose (Amersham Pharmacia Biotech; 50% solution in phosphate- 
buffered saline) containing 1% Triton X-100, 0.02% NaNg, and protease 
inhibitors (Roche Molecular Biochemicals catalog number 1 836 145). 
After a brief spin (3 min, 1000 rpm), the suf>ematant was transferred to 
a fresh tube and incubated overnight at 4 "C with 1 p,g of receptor/Fc 
fusion protein plus another 50 ptl of protein G-Sepharose. The mixture 
was centrifuged briefly, and the supernatant mixed with 0.5 ml of 
phosphate-buffered saline containing 5% glucose and protease inhibi- 
tors and spun again. The pellet was washed four times with 1 ml of a 
solution containing 0.4 M NaCl, 0.05% SDS, 1% Nonidet P-40, and 
protease inhibitors, and resusp>ended in 25 /aI of 2 X reducing sample 
buffer (Zaxis, catalog number 220-2110106). Samples were run on 
4—20% Tris glycine gels (Novex) and autoradiographed, 

RESULTS 

The four previously-known members of the IL-1 family (IL- 
la, IL-lj3, IL-lra, and IL-18), while possessing a low overall 
fractional amino acid identity, share certain common amino 
acid sequence motifs, the most obvious of which can be sum- 
marized as F(Xio_i2)FXS(AVS)JCX(PE)XX(FY)(LI)(CAS)(TC) 
where X is any amino acid, and parentheses indicate that one 
of the included amino acids is present at that position. There 
are similarities in intron placement within the family as well. 
Relying on the sequence similarity, we searched public EST 
data bases and found sequences corresponding to three novel 
IL-1 family members, described below as FIL15, FILle, and 
FILlf. A fourth novel family member, described below as 
FILItj, was originally revealed in a published patent applica- 
tion. Examination of the sequence (called IL-15 by the inven- 
tors) in the patent application suggested that it was derived 
from an aberrantly spliced mRNA. We searched for and found 
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an alternative form of mRNA that contains the conserved fam- 
ily sequence motif in the extreme 3' exon, A brief description of 
the cloning and characteristics of each of the family members is 
given below. The sequences, and a comparison with the previ- 
ously known IL-1 superfamily members, are given in Fig. 1. 

FILld 

A search of GenBank™ revealed a murine EST, accession 
number W08205, that resembled the known IL-ls but was not 
identical to any. The IMAGE clone corresponding to the EST 
was sequenced and found to contain the entire open reading 
frame of an IL-l-like molecule. Unlike the known family mem- 
bers, this novel polypeptide (called FIL15) appeared to contain 
neither a signal peptide nor a prodomain at the N terminus. A 
human FILIS cDNA was then isolated from a human placenta 
cDNA library, using mouse FIL15 as a probe. The human 
sequence predicted an open reading frame similar to that of 
mouse FIL16. Multiple FIL16 cDNA clones from both species 
were subsequently isolated, and all had the same predicted 
open reading frame, with no evidence for isoforms containing 
either signal peptide or prodomain. Interestingly, among the 
cDNA clones from both species were found several different 
5'-imtranslated region sequences (data not shown). These dif- 
ferent 5' sequences appear to derive from separate exons, in 
that they can be found (separately) in genomic sequence up- 
stream of the FIL18 coding region, and have potential splice 
donor sites at their 3' ends. Presumably the FIL18 gene is 
transcribed from at least two promoters. 

FILl€ 

A later search of GenBank™ revealed a murine EST, acces- 
sion number AA030324, that resembled a second novel IL-1 
family member. Sequencing of the IMAGE clone corresponding 
to the EST showed an open reading frame that appeared to 
encode the C-terminal portion of an IL-1 molecule, but which 
could not be extended in the 5' direction. The mouse sequence 
was used to probe a human genomic library, and a positive 
clone was identified and the insert sequenced. The sequence 
revealed a 212-base pair region with homology to the 3 '-most 
exon of mouse FILle. There was a potential splice acceptor site 
at the 5' end of this region, and a stop codon at the 3' end of the 
70-amino acid open reading frame. More human genomic DNA 
to the 5' side of this open reading frame was then isolated and 
sequenced, revealing three additional pufeitive exons with se- 
quence similarity to the mouse EST and to other IL-1 family 
members. On the assumption that the four putative exons were 
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Spliced to form a single coding region, PGR primers were de- 
signed and used successfully to amplify the predicted product 
from several different human RNA sources. As for FIL15, the 
predicted FILlc reading frame contains neither a signal pep- 
tide nor a prodomain. 

FILU 

A third EST, accession number AI014548, was found in (Jen- 
Bank™ that appeared to encode an IL-l-like molecule. How- 
ever, further sequencing revealed that the corresponding (hu- 
man) IMAGE clone contained a stop codon upstream of the 
open reading frame but no initiating methionine. Screening of 
two other cDNA Hbraries resulted in isolation of a second, 
distinct aberrant clone, as well as a clone that contained an 
open reading frame that did begin with a methionine and that 
extended for 192 amino acids. This last clone was named FILl^. 
Sequence comparison with other family members suggests that 
FILl^ has a prodomain of some 15-30 amino acids. 

Analysis of genomic DNA demonstrated that an intron Ues 
between the nucleotides encoding the 23'"** and 24^ amino acids 
of the 192 amino acid open reading frame form (see Figs. 1 and 
4). The stop codon-containing sequences found in the aberrant 
cDNA clones lie within this intron, and appear to be incorpo- 
rated into mRNA by cryptic splicing events. Since we had found 
three different cDNA isoforms for FILlf, only one of which 
appeared to contain a functional open reading frame, it was 
important to determine the relative levels of the different tran- 
scripts. This was done by designing PGR primers that would 
amplify and distinguish the three isoforms, and using them to 
examine expression in a panel of first-strand cDNAs. The (pre- 
sumably functional) FILl^ transcript was found in l3Tnph node, 
thymus, bone marrow stroma, lung, testis, and placenta (Table 
11). We could not detect the form of mRNA represented by the 
EST in any tissue, whereas that represented by the other form 
of "aberrant" mRNA was present in bone marrow stroma (from 
which we had originally isolated it), lung, and placenta but not 
in the other tissues (not shown). The mRNA encoding that form 
appeared to be much less abundant than the functional FILlf 
mRNA. 

FlLlt) 

A cDNA clone containing part of the FILItj sequence was 
originally identified in an osteoclastoma library (38), The DNA 
sequence presented in this document appeared to encode the 
N-terminal half of an IL-1 like molecule, which then diverged 
in the G-terminal portion. Since the C-terminal regions of the 
different IL-1 family members contain the greatest sequence 
conservation, including the motif described above, and since 
the point of divergence lay exactly at the position of a conserved 
intron in the IL-1 family (see below), we searched for an alter- 
native transcript that might encode a more typical member of 
the family. 

PGR with first strand cDNA templates from various tissue 
sources, using primers lying entirely within the 5'-half of the 
osteoclastoma coding sequence (38), gave products from tonsil, 
bone marrow, heart, placenta, lung, testis, and colon. Only very 
faint bands were obtained, and only in tonsil and testis, when 
a 5' primer from the 5'-half and a 3' primer from the 3 '-half of 
the osteoclastoma coding sequence were used, consistent with 
our interpretation. Human genomic DNA containing the 5 '-half 
of the osteoclastoma sequence and extending further down- 
stream was then isolated and sequenced. A putative exon was 
found 823 base pairs downstream of the point of divergence of 
the osteoclastoma sequence from other family members; this 
putative exon contained the expected sequence motifs for the 
G-terminal portion of an IL-1 family member, as well as a 



Table II 

Expression data for novel IL-l family members 

The table summarizes all available expression data on the novel IL-1 
family members. indicates that the mRNA was looked for but not 
found; a blank space indicates that the analysis was not done for that 
particular gene/RKA combination. Positive results were derived as 
follows: *a", by PGR analysis from a panel of first strand cDNAs (Clon- 
tech); *b", by cDNA library screening; "c", by the existence of an EST; 
"d", by PGR analysis of an individual RNA "e" indicates that expression 
of the gene was increased by LPS. In the source column for tissues, 
''poor was a mixture of fetal lung, testis, and B cell. In the source 
column for human cell lines, MoT and HUT102 are T-cell lines; Raji is 
a B cell line; THP-1 and U937 are macrophage lines; IMTLH is an 
unpublished bone marrow stromal cell line, derived at Immunex; HL60 
is an early hematopoietic precursor line; HPT-4 is a pancreatic tumor 
line; T84 is a colon tumor line. For FIL15 in lung, (a) indicates that the 
PGR product lacks exon 2. The PGR products for FIL15, Fll^le, and 
FILItj were especially strong from tonsil RNA, while that for FILl^ was 
strong in placenta and testis. 

Source FIL15 FILlc FILlf FILItj 

Human tissue 



Spleen 




a 






Lymph node 


a 


a 


a 




Thymus 


a 


a 


a 




Tonsil 


a 


a 




a 


Bone marrow 




b 


a,b 


a 


Fetal liver 










Lexikocyte 




a 






Heart 








a 


Brain 


a 








Placenta 


a,b 




a 


a 


Lung 


(a) 




a 


a 


Liver 










Skeleton muscle 


a 








Kidney 










Pancreas 










Prostate 


a 








Testis 


a 




a 


a 


Ovary 










Small intestine 










Colon 








a 


Fetal brain 




b 






NK cells 


b 








Parathyroid tumor 


c 








Colon tumor 






c 




Pool 






c 





Human cell lines 



Mo-T 




b 




HUT-102 




b 




Raji 




b 




THP-1 




d 


d 


U937 






d,e 


IMTLH 




d 


d 


HL60 




d 


d 


HPT-4 




b 


b 


T84 




b 




Mouse tissue 








Spleen 


d,e 


d,e 




Kidney 


b 






Placenta/yolk sac 


d 


c 




Embryo 


c 






Stomach 


c 


c 




Tongue 


c 


c 




Skin 


c 






Mouse cell lines 








Macrophage (RAW) 


d,e 


b,d,e 





potential splice acceptor site at its 5' end. PGR primers de- 
signed to amplify a hypothetical cDNA formed by splicing of the 
5' portion of the osteoclastoma sequence with this 3' exon did 
indeed give a product from human tonsil first strand cDNA, 
which when sequenced contained the predicted 157-amino acid 
open reading frame. The open reading frame, and the gene 
encoding it, were named FILI17. Like FIL15 and FILle, FILItj 
does not contain an apparent signal peptide or prodomain. 
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tabi£ ni 

Sequence identity 
The numbers represent percent sequence identity between the indi- 
cated IL-1 superfainily members, as determined by using the program 
•gap" (Wisconsin Package Version 10.0, Genetics Computer Group 
(GCG)). For XL-la, 11^10, IL-18, and IL-lra, the mature peptide Gack- 
ing signal sequence or prodomain) was used for the comparison. For 
FILl^, the mature form was assumed to start with Ly527, based on 
primary sequence alignment and analysis of predicted eight-dimen- 
sional structure, and this sequence was used. 



IL-lo 


ILl^ 


ILIra 


IL-18 


FTLlfi 


FILU 


FILIC 


FILItj 


IL-la 


24 


20 


21 


20 


23 


21 


26 


11^1/3 




31 


17 


32 


27 


24 


32 


IL-lra 






22 


50 


30 


29 


30 


11^18 








27 


20 


21 


21 


FIL15 










31 


35 


37 


FILl€ 












36 


46 


FILl^ 














44 


FILItj 

















FIL15 



ILIra 
FIL1; 

FIL1e 
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Fig. 3. Structure models. Structural models of IL-l^ and FILlt 
were generated as described under "Experimental Procedures." The 
figure shows views looking down the opening of the barrel in the 
|3- trefoil structures, as well as views of the models rotated by 90" along 
the X axis. Yellow, ^strand; green, coil; 6/«e, ^-turn. 



FILlTi 



IL18 



IL1p 



^ IL1a 

Fig. 2. Dendrogram illustrating the relationship between 
members of the IL-1 superfamily. The dendrogram was generated 
by the program Treeview (40) using the amino acid sequence alignment 
produced by the program Pile up (Wisconsin Package Version 10.0, 
Genetics Computer Group (GCG), Madison, WI). 

A Gene Family 

Sequence Comparison — The novel members of the IL-1 fam- 
ily are approximately as similar to one another in sequence as 
they are to the classical IL-ls; this level of identity is in turn 
similar to that shown by the classical IL-ls among themselves. 
Typically any given pair of family members shows 20—35% 
sequence identity (Table III). Those that stand out as being 
more similar to one another than average are FILlfi/IL-lra, 
FILIc/FILItj, and FILI^ILItj. These relationships can also 
be seen in the dendrogram presented in Fig. 2, in which it 
appears that IL-la, IL-1/3, and IL-18 form one sequence sub- 
family; FILle, FILl^, and FILItj form a second subfamily, and 
IL-lra and FILIS form a third. The novel members can easily 



be placed onto the structure-based sequence alignment pre- 
sented by Bazan et al. (19) (Fig. 1). 

Three-dimensional Protein Structure Prediction — ^The struc- 
tures of FIL16, FILle, and FILlf have been modeled using as 
templates the experimentally determined structures of IL-ip 
and IL-lra, The novel IL-1 superfamily member amino acid 
sequences could with minimal energy violations be folded into 
structures which superimpose well onto the IL-lp and IL-lra 
crystal structures. In particular, the core 12 -stranded, p-trefoil 
structure appears well conserved (see Fig. 3 for FILle). The 
major points of difference between the FIL15, FILle, and FILl^" 
models, and between them and the experimental structures, lie 
in the loops connecting the j3 strands, where Ih-lp and IL-lra 
also differ most from each other. 

Genomic Structure — The known genes of the IL-1 family 
display a conserved pattern of Lntron placement and intron/ 
exon junctions, clearly indicating their derivation from a com- 
mon ancestor. The novel IL-1 family members presented here 
demonstrate the same pattern. The most C-terminal intron in 
the coding region always falls between codons, and lies imme- 
diately after the predicted )3-strand 7. By analogy to the struc- 
ture of the IL-la and IL-lfi genes, we have cabled this intron 5, 
even though the rest of the family has only three introns within 
the coding sequence (except IL-18, which has four), Intron 4 
(the intron N-terminal to intron 5) falls between the first and 
second nucleotides of the codon, and lies just N-terminal to 
j3-strand 4. Intron 3 is more variable in placement. In IL-la, 
IL-lp, IL-18, and probably in FILlC,, it lies within the prodo- 
main, not far upstream of the site of processing. In the other 
family members, it appears to lie not far downstream of the 
initiating methionine. It is also more vfo-iable in placement 
within the codon, falling after either the first {IL-la, IL-lp, 
IL-18, FILle, FILlC, FILl-q) or second {IL-lra, FILIS) nucleo- 
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tide of the codon! 

Chromosomal Location — ^The novel IL-1 family members 
have been mapped using the radiation hybrid method. They 
cluster on human chromosome 2q, between the framework 
markers D2S121 and D2S110 (not shown). The IL-la/IL-ip/ILr 
Ira cluster lies within this same interval. At the level of reso- 
lution seen with the Genebridge 4 panel, the novel and classical 
IL-1 genes appear to be interspersed. 

Expression Pattern 

We have analyzed the expression pattern of the novel IL-1 
family members in several ways. Using a panel of first strand 
cDNAs derived from various tissues as templates for PGR, we 
find that the novel family members are all expressed in lymph- 
oid organs, although the detailed pattern differs somewhat 
from cytokine to cytokine (Table II). RNA for each is also 
present in a small number of non-lymphoid tissues. Table II 
also summarizes expression data obtained from cDNA library 
screening, from searching EST data bases, and from PGR anal- 
ysis of individual RNA samples. No easy generalization about 
expression patterns, either for the individual cytokines or for 
the family, is obvious. 

Hematopoietic Subsets — We wanted to look specifically at 
expression of each of the novel IL-1 family members in individ- 
ual cell types from peripheral blood. Cells were prepared from 
human blood and cultured for a short time in various condi- 
tions. RNA was made and analyzed by RT-PGR for the presence 
of FIL15, -€, and -17 (Table IV). All family members were 
expressed in activated monocytes and B cells. In most cases, 
there was some expression present La these cells even without 
stimulation. FIL15 was also expressed in activated dendritic 

Table IV 

Expression of novel family members in hematopoietic cell subsets 

Expression of IL-1 family members was determined by PGR analysis 
of RNA isolated from subsets of peripheral blood mononuclear cells, 
obtained as described under "Experimental Procedures." 



Cell subset 


FIL15 


FILle 




FILlT, 


NK cell + IL-12 




ND 


+ 


ND 


Tcell 




+ 






Monocyte 


+ + 


+ 


ND 


+ 


Monocyte + LPS 






+ + 


+ + 


Bcell 


+ + 


+ 




+ 


B cell stimulated 




+ 


+ 


+ 


Dendritic cell + LPS 


+ 4- 




ND 


ND 



ND, not done. 



cells. The only one of the family members expressed by T cells 
was FILlc. 

Receptor Binding — ^We asked whether any of the novel IL-1 
family members could bind to the known members of the IL-1 
receptor family. Conditioned mediimi firom COS cells trans- 
fected with each of the different novel ligands and labeled with 
pS]Cys/Met, as well as from COS cells transfected with IL-18 
as a positive control, were incubated with Fc fusions of the 
characterized IL-IR family members (IL-IR type I, IL-IR AcP, 
IL-lRrpl, IL-lRrp2, AcFL, and T1/ST2), foUowed by precipita- 
tion of the Fc proteins using protein G. The precipitates were 
electrophoresed on SDS gels, and autoradiographed to see 
whether any of the ligands were able to bind to any of the 
receptors. While IL-18 was seen consistently to bind to IL- 
IRrpl, no other complexes were observable using this tech- 
nique (data not shown). 

DISCUSSION 

We describe here the discovery of novel genes that double the 
size of the IL-1 superfamily. Assessment of the FIL18, FILle, 
FILIC, and FILlt] genes as paralogs of /L-ia, IL-lp, IL-lra, 
and IL-18 is based on several factors. First, sequence align- 
ment (Fig. 1) reveals certain conserved amino acid motifs. Not 
only is there easily recognizable conservation of primary struc- 
ture, but the amino acid sequences readily allow modeling into 
a predicted three-dimensional structure that is conserved with 
the known IL-ls (Fig. 3). In addition, intron placement is 
highly conserved in these new genes and is similar to that 
found in the "traditional" IL-ls as well as IL-18 (Figs. 1, 4). 
This provides an independent measure of evolution from a 
common ancestor. Finally, consistent with evolution by gene 
duplication, the new IL-1 superfamily members are all clus- 
tered in the same region of human chromosome 2q that con- 
tains IL'lUy IL'lpy and IL-lra. IL-18 is the only superfamily 
member that does not map to this location. 

The novel IL-1 family members are expressed in a variety of 
hematopoietic and non-hematopoietic cell types. It is not easy 
to formulate generalizations about expression patterns, except 
to say that FILle appears to be the only one of these putative 
cytokines routinely expressed in T cells, and (not unexpectedly) 
all of the family members are expressed in activated monocytes 
and B cells. From the infrequency of ESTs corresponding to 
these genes in (^^nBank^*^, as well as the number of PGR 
cycles required to detect an amplification product in positive 
RNA sources, it would appear that they are all expressed at 
relatively low abimdance. Nevertheless, FIL16, FILle, and 



Fig. 4. Intron positions. Intron posi- 
tions were taken from GenBank™ {IL-la, 
accession number X03833; IL-lfi, acces- 
sion number X04500; IL-lra, accession 
number X64532; IL-18, accession number 
E 17 138) or were determined for this pa- 
per by sequencing of genomic DNA (either 
directly cloned, or PGR amplified) and 
comparison to the cDNA sequences. The 
"intron 3," "intron 4," "intron 5" designa- 
tions are by analogy with IL-1 a and IL- 
i/3, and do not imply that there are five 
introns in each of the other genes. Intron 
sizes, where known, are indicated. Amino 
acid numbers are given below the lines, 
and refer to the primary translation 
product. 



IL-la 



ILrlra 



FnA6 



YUAt 



FXLIti 



II/-18 



"intron 3* 

Oyi G.. •193ent. .AA AIC 

du G lu He 

106 108 

GAA G 547rt: . .AA OCT 

GLu G lu Pro 

100 102 

TIC AG. .1831iit...A Arc 

Ete Ar g He 

38 40 

TIC OG. .Uaint. . .A MG 

Ehe Ar g Met 

9 n 

AAA G 92nC..CA, TIG 

Lf,-s A la Lea 

3 5 

ACa G...187Qnt.,Gr OCA 

Arg G ly Pro 

22 24 

CRA C S41nt..QG GW3 

Gin A. rg Glu 

4 6 

(M G...3383nt.,AA htC 

Asp G lu Asn 

30 32 



'intrcn 4" 
OCA G. 

Ala V 

163 



CRA G. 

Gin V. 
155 

G?A G. 

Glu G. 
63 

AAA G. 

G, 

38 

CX3V G. 

Pro V. 
41 

OCA G. 

Pro G. 
62 



'intrcn 5" 



.lu 



OCT G. .-aiOOnt. .TC 

Pro V al 

40 



Arg 
75 



AAA 


CTG 




..235(]nt. . 




XKi 


Lys 


Lsu 






Chi 


Vst 


165 




205 




206 




GIG 


CIG 


C3C 


. . .721nt. . 


AST 


GDV 




Leu 


Glu 




Ser 


Val 


157 




199 




200 




A/C 


GIG 


<3C 


..1498nt.- 


GGl 


GIT 


Lys 


Lsa 


Ghi 




Ala 


Val 


70 




106 




107 




GAA 


CIA 


GAG 


. . .201nt.. 


OCA 


GIG 


Glu 


Leu 


du 




Pro 




40 




81 




B2 




ACT 


CIG 




..1093nt-. 


GAA 


a;^ 


Uir 




lys 




Glu 


lys 


43 




88 




89 




«x: 


CIG 


MG 


. . .787nt. . 


AfG 


GAG 


ne 


tcu 






li/3 


Ghi 


64 




UO 




Ul 




fCV 


CTT 


AtG 


...823nt.. 


GAA 


AAA 


Thr 


Leu 


Lys 




Glu 


lys 


42 




87 




88 




AAT 


TTT 


Aft3 


..4773nt.. 


CPA. 


«rG 


Asi 




lys 




du 


Met 


77 




120 




121 
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FILlf can be regulated by LPS (and most likely other agents) 
in monocytes and spleen cells, and FIL16 appears to be tran- 
scribed from at least two different promoters, indicating that 
regulation of expression in this family is active. 

It might be expected that the new IL-1 superfamily members 
would bind to members of the IL-1 receptor superfamily. How- 
ever, we have been imable to demonstrate this in co-precipita- 
tion assays using Fc fusions of the known receptors and orphan 
receptor homologs. It could be that there are as yet undiscov- 
ered members of the IL-IR superfamily. Alternatively, unlike 
the case with the IL-ls and IL-18, high affinity binding detect- 
able by co-precipitation may require two receptor subunits to 
be present. Finally, of course, it is possible that these cytokines 
bind to a different type of receptor. IL-18, for example, was 
recently shown to be capable of binding with high affinity to a 
soluble protein that has little similarity to other IL-IR family 
members (39). 

The biological activity of the novel IL-1 family members 
remains to be characterized, IL-la, IL-1^, and IL-18 are all 
capable of activating gene expression programs that enhance 
immune responses and promote inflammation. It is obvious to 
speculate that FIL16, FILle, FILlf, and FILItj might have 
similar actions. On the other hand, IL-lra acts to block the 
actions of the agonist IL-ls, and it is possible that one or more 
of the novel family members might similarly play an antagonist 
role. In this context, however, it should be noted that none of 
them binds to either the type 1 IL-IR or to IL-lRrpl, and 
therefore they presumably do not regulate signaling by either 
IL-1 or IL-18. It is also possible that the resemblance of these 
molecules to IL-1 says nothing at all about their receptor bind- 
ing or the type of biological responses they might invoke. These 
issues will be clarified by further investigation. 
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Smith et al. reference 19; 

Nature 1996 Feb 15;379(6566):591 

Comment on: Nature 1995 Nov 2;378(6552):88-91 
A newly defined Interleukin-l? 

Bazan JF, Timans JC, Kastclein RA 



Smith et al. reference 29: 

Protein Sci 1998 Jun;7(6): 143 1-40 

Fold prediction by a hierarchy of sequence, threading, and modeling methods. 
Jaroszewski L, Rychlewski L, Zhang B, Godzik A. 

Department of Chemistry, University of Warsaw, Warszawa, Poland. 

Several fold recognition algorithms are compared to each other in terms of prediction accuracy and 
significance. It is shown that on standard benchmarks, hybrid methods, which combine scoring based on 
sequence-sequence and sequence-structure matching, surpass both sequence and threading methods in the 
number of accurate predictions. However, the sequence similarity contributes most to the prediction 
accuracy. This strongly argues that most examples of apparently nonhomologous proteins with similar folds 
are actually related by evolution. While disappointing from the perspective of the fundamental 
understanding of protein folding, this adds a new significance to fold recognition methods as a possible first 
step in function prediction. Despite hybrid methods being more accurate at fold prediction than either the 
sequence or threading methods, each of the methods is correct in some cases where others have failed. This 
partly reflects a different perspective on sequence/structure relationship embedded in various methods. To 
combine predictions from different methods, estimates of significance of predictions are made for all 
methods. With the help of such estimates, it is possible to develop a "jury" method, which has accuracy 
higher than any of the single methods. Finally, building full three-dimensional models for all top 
predictions helps to eliminate possible false positives where alignments, which are optimal in the one- 
dimensional sequences, lead to unsolvable stericai conflicts for the full three-dimensional models. 



Smith et al. reference 30: 

J Biofnol NMR 1996 Dec;8(4):477-86 

AQUA~and PROCHECK-NMR: programs for checking the quaUty of protein structures 
solved by NMR. 

Laskowski RA, RuUmannn JA, MacArthur MW, Kaptein R, Thornton JM. 

Department of Biochemistry and Molecular Biology, University College London, UK. 
roman@bsm.bioc.ucl-ac.uk 

The AQUA and PROCHECK-NMR progranfis provide a means of validating the geometry and restraint 
violations of an ensemble of protein structures solved by solution NMR. The outputs include a detailed 
breakdown of the restraint violations, a number of plots in PostScript format and sunmiary statistics. These 
various analyses indicate both the degree of agreement of the model structures with the experimental dat, 
and the quality of their geometrical properties. They are intended to be of use both to support ongoing NMR 
structure determination and in the validation of the final results. 



Smith et al. reference 31: 

Proteins 1995 Nov;23(3):3 1 8-26 

Evaluation f comparative protein modeling by MODELLER, 
Sali A, Potterton L, Yuan F, van Vlijmen H, Karplus M. 

Rockefeller University, New York, NY 10021, USA. 

We evaluate 3D models of human nucleoside diphosphate kinase, mouse cellular retinoic acid binding 
protein I, and human eosinophil neurotoxin that were calculated by MODELLER, a program for 
comparative protein modeling by satisfaction of spatial restraints. The models have good stereochemistry 
and are at least as similar to the crystallographic structures as the closest template structures. The largest 
errors occur in the regions that were not aligned correctly or where the template structures are not similar to 
the correct structure. These regions correspond predominantly to exposed loops, insertions of any length, 
and non-conserved side chains. When a template structure with more than 40% sequence identity to the 
target protein is available, the model is likely to have about 90% of the mainchain atoms modeled with an 
rms deviation from the X-ray structure of approximately 1 A, in large part because the templates are likely 
to be that similar to the X-ray structure of the target. This rms deviation is comparable to the overall 
differences between refined NMR and X-ray crystallography structures of the same protein. 
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Mapping Receptor Binding Sites in Interleukin (IL)-l Receptor 
Antagonist and BLrl/3 by Site-directed Mutagenesis 

IDENTIFICATION OF A SINGLE SITE IN IL-lra AND TWO SITES IN IL-1/5* 
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Interleukin-1 receptor antagonist (IL-lra), an IL-1 
family member, binds with high affinity to the type I 
IL-1 receptor (IL-IRI), blocking IL-1 binding but not 
inducing an IL-l-like resx>onse. Extensive site-directed 
mutagenesis has been used to identify residues in IL-lra 
and JLrip involved in binding to IL-lRI. These analyses 
have revealed the presence of two discrete receptor 
binding sites on IL-1/3. Only one of these sites is present 
on IL-lra, consisting of residues Trp-16, Gln-20, Tyr-34, 
Gln-36, and Tyr-147. Interestingly, the absent second 
site is at the location of the major structural difference 
between IL-lra and IL-10, which are otherwise structur- 
ally similar. The two receptor binding sites on IL-lp are 
also present on IL-1 a. Thus, it appears that the two IL-1 
agonist molecules have two sites for IL-lRI binding, and 
the homologous antagonist molecule, IL-lra, has only 
one. Based on these observations, a hypothesis is pre- 
sented to account for the difference in activity between 
the agonist and antagonist proteins. It is proposed that 
the presence of the two receptor binding sites may be 
necessary for agonist activity. 



The family of proteins are related by sequence similar- 
ity, gene organization, and three-dimensional structure 
(Eisenberg et al, 1990, 1991; Carter et al, 1990). The three 
proteins, IL-1 a, IL-lp, and IL-lra, all exhibit a ^-trefoil topol- 
ogy characterized by six /3-strands forming a tapered j3-barrel, 
which is closed at the wide end by another six /3-strands 
(Murzin et a/., 1992; Vigers et al, 1994). 

The two agonist proteins, IL-la and IL-1/3, have similar 
biological activities, mediated through their high affinity inter- 
action with the type 1 lL-1 receptor (IL-IRI) (Sims et aL, 1993). 
These two proteins are beUeved to play an important role in 
causing both local and systemic inflammatory responses 
(Dinarello, 1991). 

The third family member, IL-lra, also binds with high affin- 
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ity to IL-lRl but does not elicit a biological response (Hannum 
et ai, 1990; Dripps et aL^ 1991). IL-lra competitively inhibits 
the binding of IL-la and IL-lp and thus acts as a specific 
inhibitor of IL-1 activity. Exogenously administered human 
recombinant IL-lra can significantly reduce the severity of 
inflammation in many animal models of inflammatory disease, 
thus implicating IL-1 as an important mediator of inflamma- 
tion in these models (Dinarello and Thompson, 1991), Endog- 
enous IL-lra plays an important role in reducing the severity of 
the inflammatory response by lL-1, since administration of 
neutralizing antibodies to IL-lra causes an increase in severity 
and a prolongation of intestinal inflammation (Ferretti et al, , 
1994). 

Several studies utilizing site-directed mutagenesis have led 
to the identification of residues in IL-la and IL-1^ that are 
important for either receptor binding or receptor-mediated bi- 
ological activity (MacDonald et ai, 1986; Gehrke et al., 1990; 
Yamayoshi et aL, 1990; Ju et ai, 1991; Labriola-Tompkins et 
al, 1991, 1993; Grutter et al, 1994; Gayle et al, 1993). An 
analysis of these results suggests there are two main sites on 
the surface of the IL-1 agonist molecules that are involved in 
receptor binding. One site (site A), located on the side of the 
/3-barrel structure, was originally identified by mutagenesis of 
IL-lp residue histidine 30 (His-30). Additional residues in this 
region have more recently been identified in both IL-la and 
ILrlp. A second site (site B), approximately 20-25 A from the 
first site, is located at the open end of the ^-barrel and includes 
several charged residues, e.g. Arg-4, Lys-93, Lys-103, and Glu- 
105 of IL-1^. 

We report here the results of site-directed mutagenesis stud- 
ies to identify residues on IL-lra important for IL-IRI binding. 
Our results indicate that the IL-lra residues homologous to 
receptor binding site A of IL-la and lL-1^ also play a role in 
IL-IRI binding of IL-lra but that residues of IL-lra homolo- 
gous to receptor binding site B on IL-la and IL-1/3 do not 
interact with the receptor. In addition, we believe that site A is 
the only receptor binding site on IL-lra because we have mu- 
tagenized or deleted almost every residue on the surface of the 
molecule (a total of 103 residues) and found that only the 
residues of site A affect receptor binding. We have also per- 
formed site-directed mutagenesis of IL-1^ and found that site A 
on IL-lp is larger than previously thought. 

EXPERIMENTAL PROCEDURES 

Mutagenesis and Mutein Expression in Escherichia coli — Site-di- 
rected mutagenesis of IL-lra and IL-1)3 genes was performed using a 
Bio-Rad Mutagene kit. Muteins were expressed in E. coli and purified 
to near homogeneity from the soluble cell lysate as previously described 
(Eisenberg et al, 1990). Protein concentrations were determined by 
BCA protein assay (Pierce), absorbance at 280 cm, and relative inten- 
sity of bands on a Coomassie-stained polyacrylaraide gel. 
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Competitive Receptor Binding Assays — Receptor binding assays were 
done as described (Hannum ei al., 1990). Briefly, a standard amount of 
*®S-labeled IL-lra at a concentration approximately equal to its (150 
pM) was incubated with mouse EL4 thymoma (ATCC, TIB181, -5000 
receptors per cell) or a Chinese hamster ovary cell line Gdndly provided 
by R. Chizsonite) expressing the human type 1 IL-1 receptor (^30t000 
receptors per cell) for 4 h at 4 **C with varying concentrations of cold 
competitor. The cells were harvested through a MilUpore miUititer 
plate filter system, and radioactivity retained on the filter was counted 
on an Ambis radioanalytical imaging system. Percent wild type activity 
was defined as ICgo (wild typeVICgo (mutein). The for the wild type 
IL-lra (as competitor) was estimated using a simplification of the 
Chcng-Prusoff relationship (K^ = IQ^, Cheng and Pruaoff, 1973) and 
ranged from 150 to 400 pM, consistent with values previously reported. 
In each assay, a wild type control was included. All muteins were 
assayed a minimum of two times with the standard error between 
assays generally ^25%. 

NMR Spectroscopy Analysis of IL-lra and Muteins — One-dimen- 
sional ^H-labeled NMR spectra were collected for IL-lra and several of 
its muteins. The spectra were recorded on a VXR500 spectrometer 
housed at the University of (3olorado-Boulder, The 1.5 mM IL-lra solu- 
tions (90% H2O. 10% DgO) were prepared in 10 mM phosphate (pH - 
6.0), 100 mM NaCi. and 0.1 mM EDTA Spectra were recorded at tem- 
peratures of 25, 30, and 35 ''C. Each spectrum was collected with 8192 
complex points over a spectral width of 7000 Hz, and a total of 64 
transients were signal averaged for each free induction decay. All data 
were processed on a Sun 4260 using the NMR processing software 
FELIX (Hare Research). The spectra of IL-lra wild type and mutants 
were plotted to allow for comparison of the backbone (H" and Ha) and 
methyl proton chemical shifts and intensities. 

Structure Modeling of IL-la — Since only the C-a coordinates of IL-la 
have been deposited in the Brookhaven Data base, we modeled possible 
side chain positions for comparison to IL-1^ and IL-lra. Initial coordi- 
nates were assigned at random for missing atoms and then refined 
using simulated annealing in X-PLOR (Brunger et aL, 1987). Three 
different starting positions gave similar final conformations in all areas 
of interest.^ 

RESULTS 

Mutagenesis of IL-lra — Using site-directed mutagenesis, we 
replaced 93 of the 152 residues of IL-lra and made two deletion 
mutants of 3 and 10 amino acids at the amino terminus. Initial 
single replacements were to glycine or alanine or, in a few 
instances, to an amino acid of the opposite charge. Muteins 
were assayed by competition with ^^S-labeled IL-lra for bind- 
ing to mouse EL4 cells or to Chinese hamster ovary cells 
expressing recombinant full-length human IL-IRI. From this 
initial round of mutagenesis, 54 of the muteins were assayed on 
EL4 cells, 33 were assayed on Chinese hamster ovary cells, and 
the remaining 6 were assayed on both cell lines. 

For the vast majority of muteins, including the two deletion 
mutants, competition was not significantly different from that 
of the wild type protein (Fig. 1). The muteins that had less than 
35% of wild type activity were investigated further. Five resi- 
dues in IL-lra were initially found to be sensitive to alanine or 
glycine substitution. Four of them, Trp-16, Gln-20, Ty^-34, and 
Tyr-147, were sensitive to substitution by other residues as 
well (Table I). At each of these residues, certain changes re- 
duced receptor binding by 100-fold or more. These four residues 
form a contiguous patch on the IL-lra surface, and two of them, 
Trp-16 and Tyr-34, correspond to residues Arg-11 and His-30, 
which have been previously identified as important in site A of 
IL-1/3. One of the four residues, Tyr-147, exhibited interesting 
receptor binding properties in that Y147G bound with lower 
affinity than wild type IL-lra to human IL-lRI (34%) but with 
higher affinity to the mouse receptor (252%). 

The fifth residue that exhibited <35% of wild type activity in 
the initial screen, D74G, exhibited ^30% of wild type IL-lra 
binding to the mouse IL-IRI but —50% binding to the human 
receptor. Since muteins D74A, D74F, D74C, and D74W all 

^ G. Vigers, unpublished data. 



exhibit normal IL-LRI blading activity to the human receptor 
(data not shown), we believe that this residue is not iiindamen- 
tally important for IL-lra binding to IL-IRI, 

One additional residue, Gln-36, was investigated further 
(despite the fact that Q36G exhibited normal binding on EL4 
cells) due to the importance of the homologous residue on 
ILrip, Gln-32 (see below and Discussion). We found Q36F had 
only 1% of wild type activity (Table I), suggesting that this 
residue is also important for receptor binding, Gln-36 is adja- 
cent to the four important residues discussed above. 

The reduced affinity of muteins with changes at the five 
residues that make up the important binding site in IL-lra 
(Trp-16, Gln-20. TVr-34, Gln-36. and Tyr-147) suggests these 
residues contribute to the interaction of IL-lra with IL-IRI. 
However, it is also possible that the mutations may disrupt the 
tertiary structure of the muteins, which causes a reduction in 
receptor affinity. To address this issue, we performed high 
resolution one-dimensional NMR on wild tjrpe IL-lra and mu- 
teins Y34G, Q20A, and W16G. No significant differences were 
observed in the spectra of these four molecules, indicating 
there were no major differences among their structures. In 
addition, all muteins eluted at approximately the same salt 
concentration from an ion exchange column, suggesting that 
these molecules all have a similar conformation and overall 
charge. 

Seven IL-1/3 residues (Arg-4, Leu-6, Phe-46, IIe-56, Lys-93, 
Lys-103, and Glu-105) in the vicinity of the open end of the 
^barrel have previously been shown to be important for bind- 
ing to IL-IRI (Labriola-Tompkins et al, 1991). Four of these 
seven are charged residues. Based on previously published 
sequence alignments (Stockman et al, 1992), these charges are 
conserved in IL-lra and have been suggested to be important 
for receptor binding. Thus, the homologous region of IL-lra 
(Pro-50, Glu-52, His-54, Ser-89, Glu-90, Asn-91, Arg-92, Lys- 
93, Gln-94, Asp-95, Lys-96, Arg-102, Ser-103, Asp-104, Ser- 
105) was extensively mutagenized (Figs. 1 and 2, see also 
Vigers et al. (1994)) to investigate whether it had a similar 
function in the binding of IL-lra to IL-IRL Interestingly, none 
of the changes in this region of IL-lra affected activity in the 
competitive receptor binding assay (Fig. 1). 

An additional residue near the carboxyl terminus of these 
proteins, IL-la Asp-151, IL-1^ Asp-145, and IL-lra Lys-145, 
has been characterized as important for biological activity but 
not for ILrlRl affinity. Of particular interest is the human 
IL-lra mutein, K145D that has been shown to exhibit partial 
agonist activity on mouse cells but exhibits normal affinity for 
both the mouse and human receptors (Yamayoshi et al.^ 1990; 
Ju et aL, 1991). This is consistent with our observation that 
replacing Lys-145 of IL-lra with glycine has no affect on recep- 
tor binding activity (Fig. 1). 

Site-directed Mutagenesis of IL-I^ — We performed site-di- 
rected mutagenesis on IL-1/3 to reevaluate the role of the 
known site A residues and to examine other IL-1^ residues in 
the vicinity of this site. In addition, we wished to analyze 
residues in or near site B of IL-1^. 

We find that three residues in the region of site A appear to 
be important for binding 11^ 1^ to IL-IRI (Tabje II). Two resi- 
dues, Gln-15 and His-30 of IL-li3, align with IL-lra residues 
Gln-20 and Tyr-34, which were identified as important from 
the mutagenesis of that protein. The third residue, Gln-32, 
corresponds to Gln-36 of IL-lra, which was not originally iden- 
tified by the scanning mutagenesis shown in Fig. 1. However, 
further mutagenesis of this residue in IL-lra did suggest its 
importance in receptor binding (Table I), 

Two IL-1/3 residues in the vicinity of site A that interact only 
slightly or not at all with IL-lRl are Ai^-ll and Thr-147. 
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Mutein 

Fig. 1. Receptor binding activities of muteins of tL-lra. Muteins were assayed as described under "Experimental Procedures" on either the 
mouse receptor (A) or the human receptor (B). The horizontal dashed line indicates 35% of wild type binding activity; muteins with activities below 
this value are denoted by an asterisk and were investigated further (see text). Their activities relative to wild type mouse and human IL-lRl are 
as follows: W16G, 22% mouse, 6% human; Q20G. 1% mouse; Q20A. 6% human; Y34G. 25% mouse. 25% human; D74G. 30% mouse; and Y147G. 
35% human. r- 



11480 



Mapping the Receptor Binding Site of IL-lra 



Others have previously reported that Arg-11 (which aligns with 
Trp-16 of ELrlra) is not critical for receptor binding but is 
important for biological activity (Gehrke et al,, 1990). Our data 
are consistent with these observations. Thr-147 of IL-1/3 aligns 

Table I 

Receptor binding activity cflL-lra muteins 
Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described irnder "Experimental Procedures." 
Each number represents a single assay except in the case of muteins 
that were assayed more than twice, where the number is the mean ± 
S.E. The niimber of assays performed is shown in parentheses. 



IL-lra mutein 


Wild type activity 




% 


W16G 


12 ± 3 (4) 


WlOJ\ 


<1,<1 


WloM 


5.7 




9,18 


W16R 




W16Y 


53.85 


Q20A 


6.8 


Q20Y 


<1.<1 


Q20D 


<1,<1,<1 


Q20K 


<1.<1 


Q20M 


18.22 


Q20N 


43,46 


y34G 


21,23 


Y34K 


<1.<1 


Y34D 


7.11 


Y34H 


80,84 


Y34W 


88,98 


Y34M 


86,100 


Q36F 


<1,<1 


Y147G 


24,44 


Y147K 


<1,<1 


Y147T 


3.5 


Y147H 


41,69 


Y147M 


63, 69 



structurally with the important IL-lra residue Tyr-147 but is 
unimportant for IL-l^ binding to IL-IRI, possibly due to the 
distinct chemical nature of the side chains involved. 

Site B residues in EL-lft Ile-56, Lys-93, and Glu-105 were all 
found to be sensitive to mutagenesis (Table 11), consistent with 
previously reported data (Labriola-Tompkins et al, 1991). An 
additional important residue in this region of IL-ip is Lys-92 
(Table II). 

Location of Important Residues in IL-lra, IL-la, and IL-ip — 
Fig. 2 shows an alignment of human IL-la, IL-ip, and IL-lra, 
based on their three-dimensional structures. Highlighted on 
this alignment are the important residues for IL-IRI interac- 
tion identified by single-site mutagenesis, either in this work or 
previously by others. There are a number of key residues pres- 
ent on aU three proteins in the equivalent spatial location. 
One residue that appears to be very important in all three 
proteins based on our mutagenesis data and the data from 
Gayle et aL (1993) is IL-lra Gln-20, IL-ip Ghi-15. and IL-la 
Asn-29. Other residues important for binding IL-ip and IL-lra 
to the receptor but not critical for IL-la binding include IL-ip 
His-30 and IL-lra Tyr-34, homologous to IL-la Ala-44. and 
IL-lj3 Gln-32 and IL-lra Gln-36, which is homologous to IL-la 
His-46. 

Fig. 3 shows the solvent-accessible surfaces based on the 
three-dimensional structures of IL-la, IL-1J3. and IL-lra with 
the important binding site residues of each protein highlighted 
on the structure. There is a remarkable correspondence in the 
spatial location of site A on all three molecules and an inter- 
esting diflference between the two agonist proteins and the 
antagonist protein at site B, in that this site is present in IL-la 
and IL-1/3 but absent in IL-lra, 

For the three molecules, the total solvent-accessible areas of 
the binding site residues as indicated in Fig. 2 are approxi- 
mately 650, 1440, and 330 for IL-la, IL-1^, and IL-lra. 
respectively. The total solvent-accessible area of each molecule 
is approximately 7500 A^. Since all three molecules have the 



IL-lc^ SSPFSFLSNVKYNFMRIII^^^IIgLI^^pANI^ N^-, 
IL-lra RPSGRKSS^HSP^QK^BIn NpMliiGPNjg 



Fia 2. Residues in IL-la, IL-ip, and 
IL-lra identified by single-site mu- 
tagenesis as important for receptor 
interaction. Sequences are aligned as in 
Vigera et al. (1994), based on x-ray struc- 
txires. Important residues are indicated 
by the following symbols: ILla 
(Yamayoshi et aL, 1990; Kawashima et 
al., 1991; Gayle et at,, 1993; Labriola- 
Tompkins et aL, 1993); «. IL-10 (Mac- 
Donald et aL (1986), Gehrke et aL (1990), 
Labriola-Tompkins et al, (1991), Grutter 
et aL (1994), Ju et aL (1991), and this 
work); IL-lra (Ju et al (1991) and this 
work). Shaded residues are in /3-strands 
according to Graves et aL (1990) for IL-la, 
Priestle et aL (1989) for ILl/3, and \^gers 
et aL (1994) for ILlra. 



IL-la LDEMilliplipEKSSK^^ 

IL-li3 MECXOTS^WS^QG 

IL'lra VNLE^^ft^I EP 
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IL-lra ^^^^^H 
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114 
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IL-lra ACP<^|^AMEAI^^^pNMPDEGVW^^ 
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same affinity for the IL-IRI, one can conclude that IL-lra 
generates more binding energy from site A than do IL-lor or 
IL-ip. To check whether the single site A of IL-lra could 
account for the observed binding affinity, we applied the equa- 
tions AO = ~RT IniK) and AAG = -RT IniKilK^) to the ob- 
served binding equilibria. We find that the wild type IL-lra has 
a change in free energy upon binding of approximately 52 
kJ/moL Considering only the neutral mutations of Trp-16, Gin- 
20, Tyr-34, and Tyr-147 to glycine (Table I), the four residues at 
the center of site A in IL-lra account for at least 18.3 kJ/mol 
binding energy. If we consider the more extreme mutations to 
these four residues, e.g. W16K, and include Q36F, we can 
account for >53 kJ/mol. Thus there is reasonably close agree- 
ment between these numbers, considering the broad assiunp- 
tions made in the calculations. 

DISCUSSION 

A simple way of defining the regions of a protein important 
for receptor binding is through the use of in vitro site-directed 

T.\BLE II 

Receptor binding activity of IL-l^ muteins 

Receptor binding activity of muteins was determined on Chinese 
hamster ovary cells as described under "Experimental Procedures." 
Numbers represent the mean of at least two assays. 



11^ 1 0 mutcin 



Wild type activity 
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K93Q*' 
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30 


T147G' 
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Site A residues. 
* Site B residues. 



mutagenesis. This method has been used over the past few 
years by several groups to identify residues involved in the 
high afRnity binding of IL-la and IL-ip to ILnlRL These 
studies have led to the conclusion that two distinct receptor 
binding regions (site A aind site B) are present on both IL-lor 
and IL-1(3. Site A, located on the side of the p-barrel struc- 
ture, was originally identified by the mutagenesis of IL-l^ 
residues His-30 (MacDonald et al, 1986) and Arg-ll (Gehrke 
et aL, 1990). Recently, additional residues in this region have 
been identified on IL-la (Gayle et al., 1993) and on 11^1/3 
(Grutter et aL, 1994), We have extensively mutagenized IL- 
lra and identified only five residues, Trp-16, Gln-20, Tyr-34, 
Gln-36, and Tyr-147, that are important for binding to the 
IL-IRL These five residues, when changed to glycine, were 
also found to be important for binding to recombinant soluble 
human IL-IRI using surface plasmon resonance technology 
on a BIAcore instrument. Glycine suhstitutions at other po- 
sitions had no significant affect on binding to human IL-IRI 
either on the surface of cells or to the purified receptor on the 
BIAcore.^ All of these important amino acids map to site A, 
which is conform a tionally conserved among the lL-1 family 
members. 

The chemical nature of the IL-lra site A side chains is 
critical for high affinity binding to IL-IRI, as shown by the 
effect of amino acid substitution on binding. In addition to 
identifying substitutions that lead to a significant loss in 
binding, we have found some substitutions that have little or 
no affect on binding. In this regard, we show that replacing 
the aromatic amino acids Trp-16 and Tyr-34 in IL-lra with 
other aromatic amino acids has no significant affect on bind- 
ing. It is also interesting to note that Tyr-34 of IL-lra can be 
replaced with histidine, which is the corresponding residue in 
IL-1)3, with no loss in binding, and Gln-20 of IL-lra can be 
replaced with asparagine, which is the corresponding Ih-Va 
residue, with only a moderate loss in binding. In addition, 
Gln-20 and Gln-36 of IL-lra correspond to Gln-15 and Gln-32 
of IL-lfJ, based on the three-dimensional structures of these 
molecules. In light of the chemical similarity of site A among 
these proteins and the effect of mutagenesis of residues com- 
prising this site, it appears that this region is both struc- 
turally and functionally homologous among the three 1 1^1 
family members. 



^ D. J- Dripps and J. Jordan, unpublished data. 



fL-lalpha 



tL-1ra 



iL-1beta 




Fig. 3, Receptor binding sites in the family. Comparison of the three-dimensional structure solvent-accessible surface of IL-la, IL-1^, 
and IL-lra showing the residues important for receptor interaction in red. Site A. (common to all three proteins) is on the ta^ of the molecules, and 
site B (found in IL-1« and IL-1J3 only) is near the bottom. Residues colored are the same as those marked in Fig. 2. 
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(L-1 alpha or beta 
(Agontst) 



IL-Ira 
(Antagonist) 



Fig. 4. A model of receptor bin<iing 
and activation. The agonists, ILrla and 
Iir-1^, contact two sites on the receptor 
causing activation (indicated by the spi- 
ral)^ whereas XL- Ira contacts only one site 
and does not activate (indicated by the 
straight line). 



IL-1 receptor 






The second receptor binding region (site B) is located at the 
open end of the ^-barrel and includes IL-lp residues Arg-4, 
Lys-6, Phe-46, Ile-56, Lys-92, Lys-93, Lys-103, and Glu-105 
and IL-la residues Arg-16, Ile-18, Asp-64, Asp-65, ne-68, Lys- 
100, Asn-108, Trp-113. Gly-17, and Gln-136 (Labriola-Tomp- 
kins et al, 1991, 1993), The area in Il^lra that is structurally 
analogous to site B of IL-ip is not involved in binding to IL-IRI. 
A careful comparison of IH/3 and ILrlra in this region re- 
vealed very significant structural differences between the two 
molecules (Vigers et al.y 1994), Thus, the difference in function 
in this region between the agonists and the antagonist is con- 
sistent with this being the region exhibiting the greatest dif- 
ference in structure between these two classes of protein- 
Through the extensive use of site-directed mutagenesis, we 
have demonstrated that the IL-1 antagonist is missing one of 
the two receptor binding regions identified on the two IL-1 
agonists. This finding suggests a model for receptor activation 
in which IL-la and IL-ip, by contacting two sites on IL-lRI, 
causes activation, but IL-lra, in making contacts with the 
receptor at only one of the two receptor binding sites, is unable 
to induce an IL-l-like signal (Fig. 4). An alternative model, in 
which the IL-1 agonists act by dimerizing two IL-l receptors 
molecules, as in the case of human growth hormone (Wells et 
al., 1993), or by forming a heterodimer of IL-lRl and the 
recently identified IL=1 receptor accessory protein (Greenfeder 
et aLy 1994) is also possible and is consistent with the observa- 
tion that IL-lra binds with a substantially higher affinity to 
the soluble form of IL-IRI than either IL-la or IL-1/3 (Swenson 
et a/., 1993). However, dimerizing two IL-IRI molecules seems 
unlikely because attempts to demonstrate the involvement of 
aggregation of IL-IRI by either IL-la or IL-10 in receptor 
activation have been unsuccessful (Slack et cU,, 1993). In addi- 
tion, binding experiments with IL-lfi muteins and soluble IL- 
IRI on the BIAcore indicate that site A and site B residues both 
interact with the purified IL-IRI.'* 

IL-lra binds to IL-lRI with the same affinity as the IL-1 
agonists but uses only one binding site instead of two. Since 
site A of IL-lra is compact and generates high affinity binding 
with the IL-IRI, it may act as a template for rational design for 
a small molecule IL-1 antagonist. Such a small molecule is 



^ P. Gaffes and R. J. Evans, unpublished data. 



likely to contain pharmacophoric elements that match side- 
chain atoms of the site A residues. Additional structure-func- 
tion studies are being done to further discern how these side 
chain atoms of IL-lra contact residues in IL-IRI. 

Acknowledgments — We thank Richard Chizzonite for kindly provid- 
ing the cell line expressing the human IL-lRI, Marlyn Troetsch for 
expert technical assistance, and Hiko Kohno for useful critique of the 
manuscript. 
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EXHIBIT 4 




0 min 



2 min 



4 min 



Figure 4 Live video observation of the Mei2-GFP dot in meiotic phrophase. A 
diploid cell generated by conjugation was monitored. Three images taken at 2- 
rnm intervals are shown. Red regions, nuclear DNA; yellow spots, fluorescence of 
Meis-GFR The whole-cell body is faintly visible in red. Scale bar, 5 jtm. 



Expression vectors. pREPl carries the authentic thiamine-repressibie nmtl 
promoter, whereas pREP41 and pREPSl carry its modified versions, the 
expression of which is respectively 10-fold and 100-fold lower than that of 
PREPI (ref. 22J. To express full-length mei2 from the nmtl promoter, an Nde\ 
site was created at the initiation codon of the mei2 open reading frame (ORF) 
and a 2.6-kb Ndel-Bglll fragment was cloned into pREP vectors. Integration of 
"mtj.m«r or nmtl-mei2-SATA on pR£P41 into the chromosomal leul locus 
was done, as described^. We used minimal medium SD with 1% glucose, which 
contains thiamine (I,2m.M). to repress the nmtl promoter, and minimal 
medium MM with 1% glucose to derepress it. CcU growth and sporulation 
were monitored on synthetic agar plates SSA with or without 2^M thiamine 
(see ref. 12 for more details of the media). 

^ wfro kinase assay and tryptlc phosphopeptide mapping. FuU-lcngth 
Patl ' and f^U-length Mei3^ each fused to GST, were used in the in vitro 
phosphorylation assay. The assay was carried out as follows: 3 pmol of GST- 
^ei2 was mixed with 0.2 pmol GST-Patl and 2 fig BSA in K buffer ( 150 mM 
T^^is-HQ, pH 7.5, 20 mM MgCl,, 10 mM MnQ^. 15 mM 2-mercaptoethanol). 

reaction was initiated by adding 20^M[y-^^P]ATP and terminated by 
^<ldmg SDS-PAGE buffer after 30 min incubation at 30 *C To label Mei2 
Protem in vivo, we transformed mei2j!ypatr and mei2/\patlA haploid strains 
with pRE?4l-mei2'FA, carrying the inaaive F644A aUele'" (Fig. la), mei2-FA, 
rather than m«r, was used here because viable transformants could be 
obtamed from a patlA strain. Transformed cells were labelled with ortho- 
j Pl'phosphate for 18 h in MM liquid, collected bycentrifugation, and broken 
»n 10% ^jj^ gi^^^ htzds. After washing with acetone, the pellet was 
dissolved in S buflfer (50 mM Tris-HCI. pH 7.5, 1 mM EDTA. 1 mM 2- 
rnercaptoethanol, 0.5 mM PMSF, 1% SDS). An aliquot of the supernatant 
was immunopreciptiated with anti-Mei2 antibodies". The immunocomplex 
was resolved by SDS-PAGE and the Mei2 band eluted from the gel and digested 
"^ith trypsin as desc^ibcd-^ GST-Mei2C phosphorylated in vitro was processed 
Mmilariy, Tryptic samples were applied to thin-Uyer cellulose plates and 
separated by high-voltage electrophoresis (at 1,000 V) at pH 1.9 for 30 min. 
followed by ascending chromatography. 

Screening forme/2 alleles encoding constttutlvely active gene products. 
VVe randomly mutagenized the C-terminal half of mW2 encoding residues 429- 
/50 by polymerase chain reaction (PGR) and expressed their fiil I- length 
versions from pREP41 in wild-type haploid cells. Three relatively weak 

190 



""'^ Moid mciosis upon induction of 
transcnpaon, were isolated and sequenced. 

Ruorescence microscopy of GFP-tagged MeiZ protein. We cloned a 

ZTJT ^^^'-'^^ GFP» into PREP81. and inserted an 
Ndd-Saa fragment carrying the exact meO ORF before the GFP ORF The 
fUs.on protein Mei2-GFP was expressed in mei2d cells to eliminate the 
compeUt,ve effects of endogenous Mei2 protein. Uving cells were counter- 
rnuied w.,h Hoechst 33342 and video-recorded by a Peltier-cooled CCD 
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Crystal structure of the type-l 
interleukin-1 receptor 
complexed with interleukin-1 p 

Guy P, A. Vigers, Lana J. Anderson, Patricia Caffes 
& Barbara J. Brandhuber 

Amgen Inc., 3200 Walnut Street. Boulder, Colorado 80301, USA 

Interleukin-1 (IL-1) is an important mediator of inflammatory 
disease. The IL-1 family currently consists of two agonists, IL-lo: 
and IL-lp. and one antagonist, IL-lra. Each of tKese molecules 
bmds to the type I IL-1 receptor (IL1R)». The binding of IL-la or 
IL-ip to ILIR is an early step in IL-1 signal transduction and 
blocking this interaction may therefore be a useful target for the ' 
development of new drugs. Here we report the three-dimensional 
structure of IL-lp bound to the extraceUuiar domam of ILIR (s- 
ILIR) at 2.5 A resolution. IL-ip binds to s-ILlR with a 1:1 
stoichiometry. The crystal structure shows that s-lLlR consists 
of three immunoglobulin-like domains which v;^ap around XL- 1 P 
in a manner distinct from the structures of previously described 
cytokine-receptor complexes. The two receptor-binding regions 
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on IL-lp identified by site-directed mutagenesis" botli contact 
the receptor: one binds to the first two domains of the receptorj 
while the ther binds exclusively to the third domain. 

Human ILIR was first cloned from T cells^ and its sequence 
predicted a mature receptor consisting of a 552 amino-acid protein 
containing an extracellular ligand-binding domain of 319 amino 
acids having three immunogiobulin-like (Ig-Iike) domains, a single 
transmembrane segment, and a 213 amino-acid cytoplasmic 
domain. IL-la, IL-ip and ILIRA (IL-1 receptor antagonist) all 
bind to IHR and although they share only about 25% amino-acid 
sequence identity, these molecules all have the same P-trefoil, 12- 
stranded p-barrel structu^e^ In order to further our understanding 
of IL-1 -ILIR interactions we have solved the crystal structure of 
recombinant human IL-ip bound to recombinant human s-ILlR. 
The current structure has an /^-factor of 23.2% at 2.5 A resolution. 

The IL-ip-s-ILlR complex structure (Fig. 1) was solved using a 
combination of molecular replacement and multiple isomorphous 
replacement (MIR) phasing methods (Table 1). The complex has 
rough dimensions of 97 A X 52 A X 35 A with one s-ILlR molecule 
wrapping around the IL-ip molecule to contact both the receptor 
binding sites previously identified by structure : function studies^*^. 
As predicted by its sequence, s-ILlR has three Ig-like domains (see 
Fig. I). All three Ig-like domains contain a conserved pair of 
cysteines and a tryptophan residue about 14 residues after the 
first conserved cysteine of each domain. Domain 3 is of the c-type, 
seven-stranded variety*, similar to the immunoglobulin (Ig) con- 
stant domain whereas domains I and 2 are more unusual topolo- 
gically. In both of these domains, strand a is strand-switched to the 
*front' face of the barrel, as seen in some v-type Igs, but the c' strand 
is very short (as in constant domains) and the d* strand is not 
detectable. Strands d and e are also extremely short, and are 
comparable in length to those seen in the cell-adhesion molecule 
N-cadherin^ (Protein Database (PDB) entry INCG). Furthermore, 
strands c, d and e are on the distal side of domains 1 and 2 from the 
IL- 1 p molecule, and are not involved in IL- 1 binding. Thus, all three 
domains of the ILIRI are most simply classified as c-type. Domains 
1 and 2 are closely juxtaposed, with a disulphide bond (Cl04- 



C147) holding them together, whereas domain 3 is connected by a 
5-residue linker (U01-K205). Domain 3 provides a Hid* which 
covers most of the top of the IL-1 p p-barrel. whereas domains 1 and 
2 form a groove which binds to the lower rim of the barrel. 

The structure of IL-ip does not change substantially upon 
binduig. The r.m.s. deviation in position for all non-hydrogen 
atoms is 1.76A between the starting structure of IL-ip* and the 
refined complex structure. Maximum differences are seen at Q32 
(r.m.s.d. 5.6 A). K88 (r.m.s.d. = 5.5 A), QUI (r.m.s.d. = 4.3 A) 
and the ^terminal S153 (r.m.s.d. = 9,6 A), Of these residues, Q32 
is involved in receptor binding, whereas the other three are in 
flexible loops of the molecule. Minimum differences are seen in 
residues such as A59, L60, FU2 and FI33 (all about 0.2 A r.m.s.d) 
which are involved m the packing of the hvdrophobic core of the 
IL-lpl 

Extensive site-directed mutagenesis work has delineated two 
receptor-binding sites on IL-la and IL-ip and one on ILlRA, 
Figure 2 shows that on IL-ip the two binding sites correspond 
extremely well with residues buried in the receptor : hgand interface. 
For example, Ghi 15 (shown in blue in the middle of Fig. 2) lost 
100% of its ILIR binding activity when mutated to glycine, and 
116 A of its solvent-accessible surface is buried upon binding s- 
ILIR. In addition, numerous residues, which showed a loss of 30- 
50% of their receptor binding activity upon conservative muta- 
tion, are located on the edges of the binding sites and show 
corresponding changes in computed solvent accessibility upon 
receptor binding. These results demonstrate the utility of muta- 
genesis studies for mapping ligand : receptor contacts. ' 

The binding site common to all three IL-1 femiiy member, on the 
'side* of the IL-ip P-barrel (site A), makes contacts with P-strands 
al, a2, b2 and the b2-c2 loop m domains 1 and 2 of the receptor 
(Fig. 1) and consists of residues 11, 13-15, 20-22, 27, 29-36, 38, 
126-131, 147 and 149. The critical binding residues Argil and 
Gin 15 contact domam 2 whereas His 30 and Gin 32 bind in the 
domain 1 -2 junction. The surface of the receptor at this binding site 
has a number of pockets that will accept side chains of IL- 1 p. Thus a 
significant component of the binding energy at this site probably 




I 




Rgure 1 Left. Ribbon diagram of s-ILI R complexed to IL-lfi Domains 1, 2 and 3 of oriented so thai the carboxy terminus of s-IL 1 R and the ce« membrane, if present. 

s-lLI Rare coloured light medium and dark blue, respectively. IL-1 pis yellow, with are at the bottom of the picture. Right. Topology diagram of s-ILlR. The IL-ip- 

srte A residues in green and site 8 residues in red. Middle, Ribbon diagram of the binding elements in site A and site 3 are coloured green and red. respectively, 

structure of IL* 1 p bound to s-ILl R. The ^-strands are shown as arrowed ribbons in Secondary structural elements are not to scale, 
green, o-helices are red, and the connecting loops are purple. The structure is 
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comes from van der Waals contacts between IL-lp and s-ILlR. 
Interestingly, the position of Gin 32 has moved by more than 5 A 
from its position in the unliganded X-ray structure, and now fits in 
a deep pocket on the s-ILlR (Fig. 3). 

Site B, the second binding site identified on IL-la and IL-lp but 
not ILIRA, is on the top of the P -barrel and is formed by residues 1- 
I 4, 6, 46. 48. 51. 53-54. 56. 92-94. 103, 105-106. 108, 109. 150 and 
152. Site B makes contacts only with domain 3 of s-ILlR. Previous 
work from our group' suggested that site B of IL-lp was composed 
of a 'horseshoe* of hydrophilic residues surrounding several hydro- 
phobic residues. As shown in Fig. 3, both the hydrophilic residues 
(Arg 4, Gin 48, Glu 51, Asn 53, Lys 93, Glu 105 and Asn 108) and the 
hydrophobic residues (Leu 6, Phe 46, lie 56 and Phe 150) do indeed 
contact ILIR over a large and relatively flat surface (formed by P- 
strands c3, d3. f3, g3 and the b3-c3, c3-d3, G-g3 and g2-a3 loops), 
which is complementary to IL-lp in hydrophobicity. Thus, the 
binding energy of site B appears to be more dependent upon 
hydrophobic and hydrophilic interactions than in site A. Because 
ILlRA lacks the distinctive 'horseshoe' feature of IL-lp, formation 



of the ILIRI-ILIRA complex will presumably not make the same j 1 
energetically favourable site B contacts seen in this structure. i 

Calculating the changes in solvent-accessible area of the IL-ip on 
bindin^^s-ILlR, 1,087 A^ are buried in site A over 25 residues and 
1.001 A in site B over 21 residues, for a totel of 2.088 A^ overall. In 
addition to the hydrophilic-hydrophobic interactions described 
above (which are particularly apparent for site B) , bo th binding sites 
also make extensive use of salt bridges and hydrogen bonds. Site A 
and site B have 10 and 13 salt bridges, respectively, and both sites 
also contain seven intramolecular hydrogen bonds (as deduced 
from the X-ray structure). It is interesting to note that in this 
complex, the ligand-binding interaaions are with the P-strands in 
the faces of the Ig-like domains, not with the 'elbow' formed by the 
loops between the domains, as seen in the structures of interferon- 
7-interferon-7 receptor', human growth hormone-human growth 
hormone-binding protein*** (PDB entry 3HHR) and the erythro- 
poietin mimetic peptide -erythropoietin-binding protein" (PDB 
entry lEBP), Also, in previously determined cytokine-receptor 
structures, whereas the cytokine might exist as a monomer 




Figure 2 Surface representations of IL-ip. Left, Structure of unbound IL-lp*; 
spectral colouring based on site-directed mutagenesis experiments. Blue resi- 
dues lost iCXHj of ILlR binding activity, red residues lost no activity, and grey 
residues were not done. Right, Structure of IL-lp from the complex coloured to 



show the change in solvent-accessible area upon complex formation*^. Blue 
residues bury 100 or greater, and red residues bury 2 A^. Grey residues bury 
less than 2 A^. Site B is at the top and site A faces the viewer 



Table 1 MIR data 



Data set 


Resolution 
(A) 


(last shell) 


Completeness 
(last shell) 


(last shell) 


Sites (n) 








Phasing 
power_a 


Phasing 
power_c 


Native* 


2.5 


6.6 
(10.4) 


962 
(94.9) 


28.03 
(10.94) 














HgC12_1 


3-0 


75 
(272) 


79.3 
(29.5) 


15.11 
(5.46) 


2 


50.0 


48.0 


70.0 


2.0 


1.7 


HgC12_2 


2.8 


8.1 
(31.4) 


97.4 
(98.5) 


13.74 
(4.51) 


2 


64.0 


62.0 


70.0 


1.5 


1.2 


PtCl_- 


3.0 


6.1 
(276) 


84.4 
(91.6) 


15.31 
(4.55) 


5 


76.0 


66.0 


60.0 


1.1 


1.0 


PtCl_2 


3.0 


78 
(30.7) 


76.5 
(80.4) 


15.07 
(5.33) 


5 


75.0 


68.0 


80.0 


12 


1.1 


C7lS„1t 


3.0 


72 
(19.8) 


74.7 
(80.3) 


14.15 
(6.23) 


1 


63.0 


62.0 


80.0 


1.6 


1.2 


C7lS_2t 


2.5 


6.6 
(19-6) 


93.0 
(95.2) 


16.66 
(5.79) 


1 


72.0 


71.0 


80.0 


1.4 


1.1 


Ql26C_n 


3.0 


73 
(23.7) 


78.7 
(85.8) 


15.93 
(5.95) 


2 


74.0 


63.0 


80.0 


1.1 


1.0 


Q126C_2* 


2.5 


4.9 
(18.3) 


94.3 
(972) 


17.90 
(6,85) 


2 


86.0 


78.0 


80.0 


0.9 


0.8 



[ • Data merged from rwo data sets. 

\ t IL- 1 (i mutated so that cysteine 71 is serine. 

i * IL-Iji mutated so that cysteine 7i is serine and glutamine 126 is cysteine. 
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Figure 3 Stereoscopic surface representations of s-ILI R and ribbon diagrams of coloured red for hydrophobic residues and purple for hydrophilic residues. The 
IL-1(lTop, Site A. Bottom. Site B. Side chains in IL-lp and the surface of s-lLlRare IL-lp backbone ribbon is yellow. 



(hGH), dimer (IFN7) or trimer (TNF^)'^ in every case two or more 
receptors bound to the cytokine and each receptor made a single 
contiguous surface contact with the cytokine. The s-ILlR binding 
motif thus provides a new model for receptor-cytokine interac- 
tions. 

IL-1 signalling is believed to result from the formation of a 
ternary complex consisting of an IL-1 agonist, ILIR and ILIR 
accessory protein (ILlRAcP)*^ When ILIRA binds ILIR, the 
ternary complex is not formed and signalling does not occur. 
Formation of the ternary complex therefore presumably requires 
an epitope that is created when ILlRI binds IL-lp but not ILIRA. 
Whether the epitope is created by formation of the receptor-ligand 
interface, or by conformational changes of ILIRI on complex 
formation, has yet to he determined. Site-directed mutagenesis of 
additional surface residues in IL-1 and ILIR, and solving the 
structure of the ternary complex, will further advance our under- 
standing of the lL-1 family members' aaivities. □ 



Methods 

Purification and crystallization. Recombinant human s-ILlR (residues l- 
315, GenBank numbering) was expressed in Escherichia coVu refolded and 
purified using an ILIRA affinity column, MonoQ ion-exchange column and gel 
filtration column (BJ.B. et al, manuscript in preparation). Wild-type and 
mutants of IL-lp used for heavy-atom phasing were generated and purified as 
described previous!/, the mercury chloride derivative was found to derivatize 
the cysteines only in IL-lp, therefore cysteine mutants of IL-ip were made to 
augment the phase information available. All mutants that were crystallized 
j and derivaiized were isomorphous with native, wild-type complex crystals. The 
' s-ILlR was incubated overnight in a fivefold molar excess of IL-1(3, purified 
over a Superdex 75 column and concentrated to 5mgml"'. Crystals were 
grown by hanging-drop diffusion against I.S M ammonium sulphate. 100 mM 
j MES pH 6.0 at 0-4 The crystals grew to about 0.4 X 0.4 X 3 mm in 1-2 
i weeks. 



Data collection and phasing. Initial charaaerization of the crystals and 
searches for heavy-atom derivatives were performed on room-temperature 
crystals in an artificial mother liquor containing 2.8 M ammonium sulphate, 
100 mM MES pH 6.0. However, the crystals proved to be very radiation 
sensitive at room temperature and all data sets for MIR phasing and refinement 
were therefore collected on cryo-cooled crystals. Crystals were cryoprotected 
with 25% glucose, 1.3 M ammonium sulphate, lOOmM MES pH 6.0 and 
diffracted to 2.5 A resolution. The crystals were of space group C2 with unit 
ceU dimensions «= 146.95 A, fc = 68,45A, c= 65.87 A, a = 7 = 90.0^ 
p = 108.95". X-ray data were collected on an R-axisII area detector, reduced 
using Dcnzo and Scalepack"* and processed using the CCP4 suite of programs 
including MLPHARE and DM'l The position of the IL-lp molecule in the 
complex was determined by molecular replacement with X-plor 3.1 from the 
PDB coordinates pdb2ilb.ent*. 

Structure refinement. The s-ILlR structure was traced and rebuilt using 
program O'*- Refinement by conjugant gradient and simulated annealing 
was performed in X-PLOR 3.1'^ for all reflections with f > 2a(F) from 15.0 
to 2.5 A (n = 20,723). All solvent-accessibility calculations were performed in 
X-PLOR using the method of Lee and Richards'*, using a 1,4 A radius probe 
and assuming that the ligand and receptor structures do not change signifi- 
canUy upon binding. Potential hydrogen bonds were determined using the 
'Hbonds_air facility in O. Salt bridges were assigned in X-PLOR by picking all 
intermolecular oxygen- nitrogen pairs separated by 3:4 A or less. Secondary 
structure assignments were made with the YASSPA algorithm in O and pictures 
were generated using Setor". The current structure conuins 31 ordered water 
molecules and a bulk solvent correction (sol density = 0.40, sol rad = 0.25.) 
was used for the glucose cryoprotectant. The R-faaor of the current structure is 
R — 23.2% with a free R-factor of 33.1%. In the MIR maps, part of the amino 
terminus of the first Ig-Uke domain showed only weak density. For this reason 
residues 1-8 and 30-41 are not modelled, and the 40-54 loop is poody 
defined. Fortunately, this region is distal to the IL-^ binding site, and so does 
not significantly affect the conclusions of the study. The r.m.s. deviations from 
ideality are 0.012 A for bond lengths and 1.98** for bond angles. Running 



NATURliiVOL 3«6il3 MARCH I<W7 



1 3 



letters to nature 



f i 

! Prochcck on the refined structure showed that four residues are in disallowed 
' regions of the Ramachandran plot Two of these residues (El 1 and Q53) arc in 
the poorly defined region of the molecule whereas the other two (L186 and 
N246) arc at the apex of very tight loops. 
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Inflammation, regardless of whether it is provoked by infection or 
by tissue damage, starts with the activation of macrophages which 
initiate a cascade of inflammatory responses by producing the 
cytokines interleukin- 1 (IL-1) and tumour necrosis facto r-ot (ref. 
1), Three naturally occurring ligands for the IL-1 receptor (ILIR) 
exist: the agonists IL-lot and IL-lp and the IL-l-receptor antago- 
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nist ILIRA (re£ 2). IL-1 b the only cytokine for which a naturally 
occurring antagonist is known. Here we describe the crystd 
structure at 2,7 A resolution of the soluble extracelltdar part of 
type-I ILIR complexed with ILIRA. The receptor consists of three 
immunoglobulin-like domains. Domains I and 2 are tightly 
linked, but domain three is completely separate and connected 
by a flexible linker. Residues of all three domains contact the 
antagonist and include the Ave critical ILIRA residues which were 
identified by site-directed mutagenesis^. A region that is impor- 
tant for biological function in IL-lp, the *receptor trigger site', is 
not in direct contact with the receptor in the ILIRA complex. 
Modelling studies suggest that this IL-lp trigger site might induce 
a movement of domain 3. 

A soluble form of the IL-1 receptor, comprising residues 1-311, 
was expressed in insect cells and purified by affinity 
chromatography^. The soluble receptor was mixed with recombi- 
nant ILIRA at a ratio of 1:1 and was crystallized from 30% PEG3350 
at pH 7.0-7.5''. The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 2.7 A resolution to an factor of 21.1% {R^ ~ 31.4%) 
with excellent geometry (see Methods and Table I). A representative 
sample of the original squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fig. 1. 

The ILIR molecule resembles a question mark which curls round 
the ILIRA molecule held in its centre (Fig. 2a). The ILIRA consists 
of a six-stranded p -barrel closed at one side by three p -hairpin loops 
and is similar to the structure of the free molecule we solved 
previously^. The root-mean-square (nm.s.) differences in alpha 
carbon (Ca) positions between bound and firee ILIRA are 0.7 A 
and 0.8 A, respectively for the two independent ILIRA molecules 
present in the crystals of the free ILIRA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54. This 
loop interacts with the third ILIR domain but is partially disordered 
in the free antagonist. Upon binding to ILIR, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation of the side 
chain of His 54 towards the receptor, and a change in conformation 
from cis to trans for Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent -exposed, flexible side chains, 
namely those of Lys64, Glu 75, Arg77, Lys93, Lys96, Asp 138, 
Glu 139 andLysI45. 

As predicted*, the folding of the three ILIR domains, consisting of 
a sandwich of two p-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1-94 and 
106-198) is distantly related to the telokin 1-set' topology, although 
it diverges significantly from the canonical I-set structures. A p- 
bulge is present between residues 8 and 1 1 in strand a of domain 1. 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3-4 residues. Strands g and f in domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val 64 of domain 1, and Tyr 182, Leu 183, 
Tyr 187, Pro 188 and Thr 190 of domain 2. Domains 1 and 2 are 
linked through a well-defined P-turn between Pro 98 and Asn 99 
which lies on top of the agfcc' sheet (Fig. 2b). Domains 2 and 3 are 
connected through an extended, flexible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213, 229 and 243. The electron density 
quickly disappears after the first N-acetylglucosamine unit, indicat- 
ing that most sugar units are disordered. The first attachment site, 
Asn 173, is at the surface of the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 2 13, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their sugar chains will be close to the cell membrane. Interactions of 
these sugar chains with the membrane could help to stabilize the 
orientation of the ILIR with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type -I 
ILIR with homologous proteins (Fig. 3) reveal? a number of 
conserved sequence motifs: the conserved disulphide link and 
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1 Prochcck on the refined structure showed that tour residues are in disallowed 

1 regions of the Ramachandrun plot. Two of these residues (Ell and Q53) are in 

i the poorly defined region of the molecule whereas the other two (LIS6 and 

I N243) are at the apex of vcrv tight loops. 
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\ Infl.ammation, regardless of whether it is provoked by infection or 
by tissue damage, starts with the activation of macrophages which 
initiate a cascade of inflammatory responses by producing the 

: cytokines interleukin-I (IL-1) and tumour necrosis factor-a (ref. 
I). Three naturally occurring ligands for the IL-1 receptor (ILlR) 

j exist: the agonists IL-la and IL-ip and the IL-1 -receptor antago- 
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nist ILIRA (ref. 2), IL-1 is the only cytokine for which a naturally 
occurring antagonist b known. Here we describe the crystd. 
structure at 2.7 A resolution of the soluble extracellular part of 
type-I ILlRcomplexed with ILIRA, The receptor consists of three 
inununoglobulin-like domains. Domains 1 and 2 are tightly 
linked, but domain three is completely separate and connected 
by a flexible linker. Residues of all three domains contact the 
antagonist and include the five critical ILIRA residues which were 
identified by site-directed mutagenesis^. A region that is impor- 
tant for biological function in IL-lp, the Veceptor trigger site', is 
not in direct contact with the receptor in the ILIRA complex. 
Modelling studies suggest that this IL-lp trigger site might induce 
a movement of domain 3. 

A soluble form of the IL-1 receptor,. comprising residues 1-311. 
was expressed in insect cells and purified by affinity 
chromatography\ The soluble receptor was mixed with recombi- 
nant ILIRA at a ratio of 1:1 and was crystallized from 30% PEG3350 
at pH 7.0-7.5"*. The structure has been solved by a combination of 
molecular replacement and heavy-atom derivatives and has been 
refined at 2.7 A resolution to an A factor of 21.1% {R^^ = 31.4%) 
with excellent geometry (see Methods and Table I). A representative 
sample of the original squashed multiple isomorphous replacement 
(MIR) electron density map is given in Fig. 1. 

The ILIR molecule resembles a question mark which curls round 
the ILIRA molecule held in its centre (Fig. 2a). The ILIRA consists 
of a six-stranded 3 -barrel closed at one side by three p-hairpin loops 
and is similar to the structure of the firee molecule we solved 
previously^. The root-mean-square (r.m.s.) differences in alpha 
carbon (Ca) positions between bound and free ILIRA are 0.7 A 
and 0.8 A, respectively for the two independent ILIRA molecules 
present in the crystals of the free ILIRA. The largest differences in 
the antagonist occur in the loop comprising residues 51-54. This 
loop interacts with the third ILIR domain but is partially disordered 
in the free antagonist. Upon binding to ILIR, there is a rotation of 
the side chain of Glu 52 away from the receptor, a rotation of the side 
chain of His 54 towards the receptor, and a change in conformation 
from CIS to rrans for Pro 53. Other differences in atomic position 
greater than 5.0 A involve solvent-exposed, flexible side chains, 
namely those of Lys64, Glu 75, Arg77, Lys93, Lys96, Asp 138, 
Glu 139 and Lvs 145, 

As p^edicted^ the folding of the three ILIR domains, consisting of 
a sandwich of two p-sheets, resembles the folding of immunoglo- 
bulin domains. The topology of domains 1 and 2 (residues 1-94 and 
106-198) is distantly related to the telokin I-set^ topology, although 
it diverges significantly from the canonical I -set structures. A p- 
bulge is present between residues 8 and 1 1 in strand a of domain 1, 
The bed sheets in domains 1 and 2 are very short, with strand 
lengths of only 3—4 residues. Strands g and f in domain 2 are long 
and have extensive contacts with domain 1. Residues involved are 
Glu 18, Gin 50, His 55 and Val64 of domain 1, andTyr 182, Leu 183, 
Tyr 187, Pro 188 and Thr 190 of domain 2. Domains I and 2 are 
linked through a well-defined p-turn between Pro 98 and Asn99 
which lies on top of the agfcc' sheet (Fig, 2b). Domains 2 and 3 are 
connected through an extended, fle.xible linker. 

The electron density maps clearly indicated four carbohydrate- 
binding sites at Asn 173, 213, 229 and 243. The electron density 
quickly disappears after the first AT-acetylglucosamine unit, indicat- | 
ing that most sugar units are disordered. The first attachment site, ; 
Asn 173, is at the surface ot the second domain and its sugar chain is 
facing the solvent. The other three attachment sites (Asn 213, 229 
and 243) are at the surface of domain 3, and in the natural situation 
their su^ar chains will be close to the cell membrane. Interactions of ! 
these sugar chains with the membrane could help to stabilize the \ 
orientation of the ILIR with respect to the membrane. 

Alignment of the sequence of the extracellular part of the type-I 
ILIR with homologous proteins (Fig. 3) reveals a number of 
conserved sequence motifs: the conserved disulphide link and 
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tryptophaa, present in the core of many immunoglobulin domains, 
are absolutely conserved with the exception of ILlR-related protein 
(ILIRR). A motif that appears to be specific for the ILIR family 
domains 1 and 2 is a proline immediately after the first cysteine of 
the conserved core disulphide link. This proline disrupts strand b 
and is responsible for the very short bed sheets observed in domains 
1 and 2 of the ILIR. The presence of Asp 20 and Arg 22 on strand b 1 
at positions usually occupied by highly conserved hydrophobic 
residues is unusual The two residues form* together with Ser 14, a 
hydrophilic cluster in what would otherwise be the hydrophobic 
core. Almost perfectly conserved is a DxGxYxC motif at the 
beginning of strands fl and f2. This motif indicates the presence 
of a D4 tyrosine corner and is found in many immunoglobulin 
variable domains'. The cysteine of the motif (76 and 176 in ILIR) is 
part of the core disulphide link. The hydroxyl of the tyrosine makes 



a hydrogen bond with the carbonyl oxygen of residue « — 4, usually 
Asp. In domain 1» this Asp makes a salt link with a conserved Arg at 
the beginning of strand d. The conserved Gly residue in the motif 
allows the main chain to curve around the tyrosine side chain. 
Although a D4 tyrosine comer is not present in ILIR domain 3 (the 
Tyr has been replaced by a Phe and there is a one-residue insertion), 
the overall conformation of the main chain is similar. GIu 18, at the 
beginning of strand bl. and Thr 190, halfway along strand g2, make 
a hydrogen bond in ILIR. These residues are conserved in all 
sequences, except FGR4, suggesting that the hydrogen bond 
between them is conserved as well. This would mean that the 
orientation of domain 1 with respect to domain 2 is similar in 
these proteins. We conclude from the presence of these common 
sequence motifs that the proteins listed in Fig. 3 are all similarly 
folded. 




Rgure 1 Stereo view of the squashed MIR map contoured at Itr. Shown is the receptor-antagonist interface in the region around Trp 16 of the aniagonisL The refined 
model of the !L1 RA is shown in yellow, ILl R is in green. 



Table 1 Crystal I eg rap hie data 



Data collection and phasing statistics 
Data set 

Measured reflections 
Unique reflections 
Resolution {A) 
Completeness {%) 

Birtding sites 
Phasing powert 

RaJSts,^ — 

Mean figure of merit 

Rehnement statistics 

Number of protein atoms 
Number of sugar atoms (NAG) 
Number of water moelcutes added 
Resolution range 
Data cutoff 

R lactor {number of reflections) 
fl(f«. {number of reflections) 
^lotai (number of reflections) 
Average temperature factor 



Native 

73.407 
15.631 

2.7 
972 

6.0 



0.47 



R.m.s. deviations with respect to ideal (target) values 



Bond lengths 
Bond angles 
Dihedrals 
Impropers 



Hg{CN)2 

71.530 
15.725 
2.7 
98.2 
6.0 
22.3 
1 

1-29 
0.58 



3.638 
56 
86 
8.0-2.7A 
None 
21.1% {13,487) 
31.4% (1.525) 
22.2% (15.012) 
45.2 A^ 



0.004 A 
1.2- 
26.5" 
1.0° 



NAG. /V-acetylglucosamine. 

t Phasing power = E^, I F^, | /L^, I lack ot closure!. 

= (lack of closure)/(isomorphous differences) for centric reflections, as calculated by HEAVY'''. 



66,081 
14.086 
2.8 
98.5 
6.8 
14.8 
2 

0.91 
0.63 



Hg(CN)2 

43.056 
10.835 
3.0 
92.4 
7.5 
39.7 
3 

0.68 
0.69 
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A large area of 1,774 of the ILIRA surface and 1,767 A^ of the 
receptor surface (calculated by using DSSP*) gets buried upon 
receptor binding (Fig. 4). This area corresponds to about 20% of 
the total surface of ILIRA and may explain the tight binding 
(-^10 M)* of the antagonist to the receptor, 

Xhe ILIRA molecule interacts with all three receptor domains. 
Leu 25. Arg 26, Asn 27, Glu 29, Leu 42 and Pro 130 contact strand a 
and loop be in the N-terminal half of receptor domain 1. The loop 
comprising residues 34-39, which is fully exposed in the crystal 
structure of free ILIRA', fits in the deft between domains 1 and 2. 
Arg 14. Trp 16, Val 18. Asn 19, Gin 20, Ala 127, Asp 128, Tyr 147 and 
Gin 149 contact strands of both sheets of the )3-sandwich of domain 
2. Finally, SerS, Lys9. Pro 50, IleSl. Pro 53, His 54, Leu 56, Glu 150 
and Asp 151 contact loops be and fg at the top of domain 3 (Fig. 2). 

The interactions between the ILIR and the antagonist are mainly 
polar in character. We observe only three hydrophobic contacts 
(Table 2). Surprisingly, despite the many charged residues on the 
ILIR and the antagonist, we find only two direct and one indirect 



T able 2 Selected interactions (rf s 3.5 A) between the ILIR and IL1 RA 

SkJe-chain-side-chain Interactions Interactions involving the main chain 



Receptor 



Antagonist 



Satt links 

Glu 8 Afg26 

Arg 268 Glu 150 

Hydrogen bonds 

Tyr 124 OH Aspl28oS2 

Ser235 0T GInllOd 

Hydrophobic contacts 

lie 10 Leu 42 

Leu 198 Trp 16 

Pro 113 Tyr 147 



Receptor 



Antagonist 



Receptor skJe chain to antagonist main chain 
Lys9 Leu 25 

Glu 126 Ala 127 

Tyr 124 Tyr 34 

Arg 160 Val 18 

Receptor main chain antagonist side chain 
Hell Asn 39' 

Val 13 Gin 36* 

Ala 106 Gin 36 

Lyslll Trp 16 

Lysin Gin 20* 

Gly119 Gln20 

Receptor main chain to antagonist main chain 
He 107 Gly37 
Asn 296 Pro 53 

Thr297 His 54 



" These residues make two hydrogen bonds: one from the side-chain amide to the main- 
chain carbonyl, and one from the side-chain cartx>nyl to the nuin-chain amide. 




Rgure 2 Structure of the tLlR: ILIRA complex, a. Ribbon diagram^. Shown are 
two views of the complex. 90° apart. The antagonist is yellow, the receptor 
domains 1. 2 and 3 are red, green and blue, respectively. In the full-length receptor, 
the C terminus of domain 3 {t)lue) is connected to the membrane-spanning 
domain. This means that in the natural situation, the membrane will be near the 
boiiom of the hgure. b. Topology of the ILi R. The secondary structure elements 
i have been determined by OSSP^. The lengths of the strands are proportional to 
the number of amino acids they contain. Receptor residues that are buried by the 
ligand are indicated by a star. 



Domain 1 




Domain 3 ^ — 

■ » w ^ 
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SQTnkfti p tqcrn 4 3 

EGSrtspa 53 



Z L 1 R„hu« a a 
ILlS_hu»an 
ILlRR_huMaa 
Ac P_mur i n« 
ST3_huiiAxi 
PGR4 _huaan 




HQHKEK! 

AOOQA 
ALHOCV 
8ICEK0V 
FASGQt 
RGWRO 








LL 






WELN 


FR 


iTLLN 


£t 


Saeva 


t ASFLPE 




irc'IriklsAk fy«n * - * 6PNL 

ycdkaisl «1 r vl--..-- • ENTO 

qkwkl ovl f f KKHS 

rc«lc«afpl« vv* ------- .......... -•-•'..aKOS 
nrtgysavt tyk---'>*-* .......... kQSD 

ivlqoltlll fld«l t ft«o<ld «dpkahrdp« arhsypQQAP 



■YNAQAI FKQ 110 
AI?LPFt SVPQ 127 
ERQVTSK 109 
;NSAURFPV 129 
IVPOYtUYS 100 
YWTHPQRICK 133 
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en 
VI 



IL I R.hunan 
I L 1 S _hu man 
I L 1 RR_hunan 
AcP.Burine 
ST2_huiiian 
PGR4_hu«aaa 



KLpv«* - • fld 

I Lt I s t « 

t V«yk' - • kf 
HKoiyl ••bgl 
rv«g«> - *ka 
KLbavpagnt 




t ko«nN£LPK 
f t rd' KTOVK 

q TLVHS 

yl p«- 8VKPS 

r NVVTAP 

I4PTPT 




LLOlt NFSgv 
OKOtiEKFLtv 
LLEfiNKNPt I 
VOFHNVtP«g 
QGSRYRAHk ft 
HGEllRl GGl r 



kdrlt¥iBiiw« • KH 

rgt thi I vhd val - * 

kka««f > ..... 

ami «l f 1 pt V - - - 8K 
1 1 wt dnvoit - .... 
I r hqfaw«l vn •«vvpS||: 




hASYTYL 
KLTFAHE 
t^HFLHHN 
teVTYPEM 
KFt HMEN 
VENAVG 



183 
201 
173 
202 
168 
207 



X L 1 R_hu nan 
ILlS_human 
I L 1 RR_httiB a n 
Ac P_muc Ine 
ST 2 _ hus a o 
FCR4_hunan 




YLLOw 



• fill ««ilkp 
•I rl kfckkaa 
ni 1 1 y«dr sn 
t vfcvvgspkd 
sf t vkd«qgl 
t cr aptir pi I 



t r p(Vl vtpftn 
tl siyi I ftpt k 
I vgnrl t gpkl 
«l pfpqt yftpa 
«l t pvi g«p« 
qagl pant t - 



• t BM< • VOLl 

1 1 ft ASL 

abva-' VElI 
dr vvy •KEPt 
qn«i kaVEl 
AVVI 



SOI Q£t 
SRLTl P 
KNVR£:n 
EELVt 

KNAM6' 
SOVEiL 




ca 

GQt «dl 

LaTGTPLTTM 

LN« «dv 

FSf I otffttinE 
FQKQTQFLAA VL 

SO«' • qpM q - ' 




&ftVl 
THI 
G««ag 
I Dokkp 
LMQTKt 
khl vl n 



da 

daddpvt g«d 257 
«Sftypagrvt 278 
ftdpat ti««kft 24 7 
ddvt vdl tin 282 
tdloaprlqq 248 
gftftfgadgfp 276 



ILIR human yyav«flp«Ak rr«(Utv£>l IIMEI ESRFYK HParflFXKfi^ daayl qfi lypvtnfqk- 316 

lLiS~human agpf qavftan nanyi avpU FOPVTREOl^H UOpCWVHfile LSfqtlrttv kaa««t t ttw- 337 

iLiRR human otflffltpag-' -kvhaskvLR it^Mt aESNt|N VL»#rVAai GftdtkaMjQ vrkadcaadlp 304 

AcP.nurine aavayast-' adatrtqlL^ I^KKVTPEOUR RNBVW^RfflB K&aaqaa kqi^vlppryt 340 

S72 human ««gqnq«f afl gl act dmvLfl BAOVKEEOtL tOSCnLALra. KMfrhtvrfi arltopakacf 308 

FGR4 human yvqvlkta" dl oaaavaVL YLRKVSAEOA QEBrfl^iKaSs iBayqaawC; t vt paadpt «r 334 



Figure 3 Sequence alignment ot the extracellular portion of the ILIR with the 
extracellular portions of 5 homologous proteins. ILIR, type-l iL-1 receptor. ILIS. 
lype-ll IL-1 receptor; ILIRR. iL-1 -receptor-related protein; AcP, IL-1-receptor 
accessory protein; ST2. ST2 protein: FGR4, fibroblast growth factor receptor 4. 
The cysteines and tryptophans that are consen^d in most immunoglobulin folds 
are indicated in darV blue. Also highlighted are the prolines Immediatety following 



conserved cysteins, which appear to be consented in the particular immunoglo- 
bulin fold of lL-1 domains 1 and 2. Highlighted in green are 5 conserved cysteine 
pairs which, based on the ILIR structure, are likely to form disulphide bonds. 
Other highly conserved residues are indicated in blue. Conserved glutamic adds 
and threonines, which are probably involved in a hydrogen bond between 
domains 1 and 2, are indicated in red. 





Rgure 4 Space-fiiling model of bound ILlRA. Residues shown by mutagenesis to Rgure 5 Comparison of the ILlR (left) and HGHR (right) complexes. ILlRA is 
be important for receptor interaction^ are in red. other residues that are buried by shown in yellow. ILl R in green, HGH in red and the two HGHR molecules in blue 
the receptor are in blue, and those that do not interact with the receptor are in and magenta. The two receptors use opposite faces of the immunoglobulin 
yellow. The five residues defined by site-directed mutagenesis are right in the domains to bind their ligands. 
centre of the area that is buried by the receptor in the crystal structure. However, 
the contact area defined by the mutagenesis studies is only 29% of the area 
defined by the crystal structure, suggesting that many of the contacting residues 
contribute less significantly to the overall binding energy. 
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salt link (Lys I IR and Glu 43A are linked through a water molecule). 
Some oppositely charged side chains (Lys 129R-Glu 126A. 
Lys 295R-GIU 52A. Lys 295R-GIu 90A) are less than about 8 A 
apart, but do not seem to make any direct interactions. It may be 
that for these residue pairs, the gain in electrostatic energy is offset 
by a loss of entropy. This idea is supported by a mutagenesis study 
that shows that one of the salt links in the crystal struaure of human 
gro\rth hormone complexed to its receptor^" contributes little, if 
anything, to the overall binding energy, an effea the authors ascribe 
to entropy loss. 

We observe only two side-chain-side-chain hydrogen bonds 
between the receptor and the antagonist. Most of the hydrogen 
bonds between antagonist and receptor involve main-chain carbo- 
nyl or nitrogen atoms (Table 2). Of special interest are the double 
hydrogen bonds made by Gin 20. Gin 36 and Asn 39 of the antago- 
nist with the backbone of the receptor, which suggests that these 
residues may contribute significantly to the overall binding- The 
potential advantages of using main-chain atoms for receptor- 
ligand interactions are twofold: the main chain is usually more 
rigid than the side chains so that the entropy loss for the main chain 
will be less than for side chains; and interactions involving main- 
chain atoms depend less on the sequence and more on the overall 
folding than interactions between side chains, which may explain 
how the ILIR is able to bind its three natural iigands, IL-la, IL-ip 
and ILIRA with high affinity, despite the low sequence identity (20- 
25%) between them. 

The crystal structure of the receptor complex fully explains the 
published mutagenesis studies. ILIRA residues Trp 16, Gin 20, 
Tyr34, Gin 36 and Tyrl47, identified as critical for antagonist 
binding', are all m direct contact with the receptor (Table 2; Fig. 
4). The same residues (Tyr, Trp, Ghi) are present in the YWQPWA 
consesus sequence, identified by affinity screening using phage 



display peptide libraries' ^ The indole side chain of Trp 16 is 
completely buried by the receptor and makes a hydrogen bond 
witii the carbonyl oxygen of Lys U I. The side chain of Gin 20 makes 
two hydrogen bonds with the receptor backbone. The side chain of 
Tyr 34 makes no direct contacts of less tiian 3.5 A with die receptor. 
It does face a hydrophobic region on the receptor surface, consisting 
of die side chains of Phe 108, Val 121. Pro 123 and Tyr 124. The side 
chain of Tyr 34 is tightly fixed in position by a hydrogen bond with 
the carbonyl oxygen of Asn 19 and its carbonyl oxygen makes a 
hydrogen bond with the hydroxyl group of Tyr 124. The Gin 36 side 
chain is found in a pocket between receptor domains 1 and 2 and 
makes three hydrogen bonds with the receptor backbone. These 
hydrogen bonds and the restricted pocket clearly explain the large 
loss of binding affinity associated with the Gin 36 Phe mutation. 
Finally, the hydroxy! of the critical Tyr 147 binds to a network of two 
fixed water molecules on top of loop be of receptor domain 2. 

The binding of ILIRA in the ILIR complex is fundamentally 
different from die binding of ligands in the cytokine-receptor 
complexes whose three-dimensional structures are known. In the 
tumour necrosis factor-p (TNF-P) complex", three elongated 
receptor molecules are bound to the ligand and the receptor 
domains do not possess an immunoglobulin fold. In the receptor 
complexes with human growtii hormone (HGHR"), interferon-'y 
(EFN^R") and erythropoietin peptide (EPOR*^), the ligand binds to 
the outside of the elbow between two immunoglobulin -like 
domains of the fibronectin type and is sandwiched between two 
receptor molecules (Fig. 5). In the ILIRA complex, the receptor has 
three immunoglobulin-like domains and the ligand binds to the 
inside of the elbow formed by domains 1 and 2. 

Another way in which the ILIR differs from HGHR. IFN7R and 
many other proteins with immunoglobulin-like domains is in the 
mteractions between its domains. Most immunoglobulin-like 
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ILIRA 
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Figure 6 Model obtained after superimposing IL-1 porno ILIRA in the complex. IL- 
1p is indicated in magenta and the receptor in green. After this superposition, a 
region of positively charged residues (Arg 4. Lys 92. Lys 93 and Lys 94) in 1L-Ip is at 
a distance of ^15 A from a region of negatively charged residues (Asp248, 
Glu 249. Asp 251. Gfu256 and Asp 257) in domain 3 of (LtR but do not directly 
interact with them. Modelling studies (not shown) suggest that upon movement of 
ILl R domain 3, these two regions interaci directly A definitive answer must come 
from the crystal structure of the ILlR-tLl0 complex. 



Rgure 7 Solvent-accessible surface of the ILIR, coloured according to the 
electrostatic potential using GRASP^. The contours run form ~^qT (red) to 
■j-5<b7" (blue), where Kq is the Boltzmann constant and T the absolute tempera- 
ture. The ILl RA molecule is peeled off and rotated by 90° to show the receptor- 
binding region. 
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< .dopiains are connected by relatively short linkers which allow 
; flexibility while maintaining contact between the domains. 
Domains 1 and 2 of ILIR are close together and have tight and 
extensive contacts. The upper halves of strands and g2 (Fig. 2) in 
j particular have more contacts with domain 1 than with domain 2 to 
i which they belong. The centres of mass of domains I and 2 are ^8 A 
; closer in ILIR than they are in HGHR. Judging from the crystal 
j structure, it seems unlikely that domains I and 2 are able to move 
with respea to each other, suggesting that domains 1 and 2 could 
behave as a single module. The connection between domains 2 and 
! 3» on the other hand, is a long and flexible linker with no direct 
; contacts between the domains. We would therefore expect that 
I domain 3 is able to move with respect to domains 1 and 2 when no 
I ligand is present. 

i An lL-1 -receptor-like protein, the ILIR accessory protein, may be 
j involved in the IL- 1 response"". Association of this accessory protein 
' with the complex of the ILIR with the agonists IL-la or IL-lp is 
j believed to trigger the receptor response. The accessory protein 
j might need binding sites both on the ILl R and on the agonists IL-la 
j or IL- 1 or alternatively, the agonists may induce a conformational 
I change in the receptor which allows binding of the accessory 
! protein. 

We investigated these possibilities by constructing a preliminary 
model of IL-lp bound to the receptor, in which the structure of IL- 
lp'^ was superimposed onto ILIRA in the complex by means of a 
procedure described before^. We compared this model of the 
I complex with the extensive mutagenesis data available for IL-ip^. 
j Some IL-lp residues that are important for binding (Arg 11, His 30, 
Asn 108 and Glu 128) are all close to the receptor after super- 
imposition and face receptor domains 1 and 2, indicating that 
similar regions on the surface of IL- Ip and ILl RA may interact with 
receptor domains 1 and 2. 
I The situation is quite different for residues facing domain 3. 
: Whereas Lys 92 and Lys 94 are part of the proposed receptor trigger 
site", after superimposition they are facing the solvent and do not 
j interact with the receptor. They are part of a highly positively 
charged region on IL-lp involving Arg 4, Lys 92, Lys 93 and Lys 94, 
about 15 A away from a region rich in negative charged on the 
' receptor, involving Asp 248, Glu 249, Asp 25 1 , Glu 256 and Asp 257 
• (Fig. 6). Elearostatic calculations (Fig. 7) indicate that this negative 
, patch, together with a negative patch on top of domain 1, are the 
i strongest features on the relatively featureless electrostatic surface. 

The close complementarity of the positive and negative sites 
j suggests that they might interact directly with each other. A rotation 
i of domain 3 of 7-20° would bring the two sites together. The flexible 
linker between domains 2 and 3 allows such a rotation, which would 
, make the conformation of the ILl p -receptor complex more closed 
; than that of the ILlRA-receptor complex, inducing binding of the 
accessory protein and hence activation of the receptor. Without a 
crystal structure of the ILl p-receptor complex, however, we cannot 
; exclude the possibility that the accessory protein will simply bind 

■ between the two charged regions. 

I To test the importance of domain 3 for agonist and antagonist 

■ binding, we prepared a truncated receptor consisting only of 
j domains I and 2. This truncated receptor binds IL-la and IL-lp 
I with low affinity (dissociation constant (IQ) values of 7 |xM and 

> 10 fxM, respectively) whereas it binds IL IRA with high affinity (K^ 
: 28 nM ) . This shows that agonists, but not antagonists, need domain 
; 3 for high-affinity binding and suggests that domain 3 strongly 
; interacts with IL-1 agonists. 

Residue 145 (Asp in IL-lp, Lys in ILlRA), which is crucial in 
j determining agonist or antagonist activity'*, does not interact 
j direaly with the receptor, either in the ILIRA complex or in 
' our model of the IL-lp complex (Fig. 6), suggesting that this 

residue might be important for interaction with the accessory 

protein. 

The structure presented here illustrates in detail a new binding 
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mode for cytokine receptors and provides insight Into the possible ! 
differences between agonist and antagonist interaction. □ j 

Methods j 
Equipment and crystals. The ILlR-anUgonist complex was crystallized as 
describcd^ Native and heavy-atom data were recorded with a Siemens XlOOO | 
arw detector, mounted on a Siemens rota ting-anode generator equipped with a i 
copper anode and graphite monochromator, operating at 50 kV and 90 mA. 
The crystals had dimensions of -0.2 X 0.3 X 0.5 mm* and one crystal was 
used per data set. Data were processed using XDS software". The space group 
was P2,2,2,. with a = 47.2 A. = 84.6 i and c = 140.2 A, 
Structure solution. The structure was solved with a combination of molecular 
replacement and heavy-atom derivatives. For molecular replacement, we used 
the AMoRc package-**" and data between 1 5.0 and 4.0 A. The struaure of the free 
ILIRA as solved by us* gave clear solution with a correlation of 25.8% 
(/? factor = 51.3%). Wc tried struaures of various protein domains with 
immunoglobulin folds but most of them did not produce any dear signal, 
probably because these models were too different from the receptor domains 
and because one receptor domain represents only a small fraaion of the total 
contents of the asymmetric unit of the crystals. A truncated model of the first 
CD4 domain-', however, gave a correlation of 29.2% in combination with the 
ILl RA model (K factor 50.3%). The maps, based on this partial model, were not 
readily interpretable and it was therefore decided to search for heavy-atom 
derivatives. We obtained two independent heavy-atom derivatives and one 
double derivative. Scaling of heavy- atom derivative data, calculation of 
Pattersons and refinement of heavy-atom parameters were done by using 
programs from the CCP4 suite". Heavy-atom positions were located in 
difference Patterson maps and the parameters were refined with HEAVY-\ 
Phases were calculated with MLPHARE'V Cross -difference Fouriers were used 
to define a common origin and to contirra the sites. Difference fouriers using 
phases from the partial model, obtained by molecular replacement, did not ! 
reproduce the sites, indicating that the model phases were rather poor. This is 
most probably cau.<;cd by the large fraction of the diffracting maner (two 
receptor domains), which is missing in the partial model. However, phased 
translation functions^ using phases from the partial model and single iso- 
morphous replacement (SIR) phases calculated with the HgCCN), and KiPtCU \ 
derivatives, defined a common origin and indicated the correct hand for the ! 
heavy-atom solution. The MIR map, calculated with three derivatives, was | 
improved by solvent flattening and histogram matching using SQUASH'^. Map ] 
interpretation and model building were done using the program O^'. The 
model of ILIRA needed only minor rebuilding, but the model of the truncated 
CD4 domain needed major rebuilding to become an ILlR domain; two 
additional receptor domains had to be built from scratch. The structure was 
refined by simulated annealing and energy minimization using X-PLOR^. The 
final model contains residues 7-151 of the ILIRA and residues 1-311 of the ' 
ILIR. i 
Binding studies. Truncated receptors were expressed on the surface of CHO j 
cells and radiolabelled peptides were used for competitive binding". j 
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Viable offspring derived from I 
fetal and adult mammalian i 
cells i 
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In this Letter in the 27 February issue, a production error led to the 
image for part b of Fig. 1 (fetal fibroblasts) being used twice, as parts 
b and c. The correa image for Fig. Ic (mammary-derived cells) is 
shown below, and is also on the Nature web site and in reprints. 
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